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NANOPARTICLES HAVING OUGONUCLEOTTDES 
ATTACHED THERETO AND USES THEREFOR 

FIELD OF THE IhtVENTTON 
The invention relates to methods of detecting nucleic acids, whether natund or 
synthetic, and whether modified or unmodified. Hie invention also relates to materials 
for detecting nucleic acids and methods of making those materials. The invention fiirther 
relates to me&ods of nano&bricatioa Fmally, fbe invention relates to methods of 
separating a selected micleic add fiom other nucleic acids. 

BACKGROUND OP THR INVENTION 

The development of methods for detecting and sequencing nucleic adds is critical 
to fliB diagnosis of genetic, bacterial, and viral diseases. See Mansfield, E.S. et al. 
Molecular and Cellular Probes, 9, 145-156 (1995). At present, there are a variety of 
methods used for detecting specific nucleic acid sequences. Id. However, these methods 
are complicated, time-consuming and/or require the use of specialized and expensive 
equipment A simple, fest method of detecting nucldc adds which does not require the 
use of such eqdpment woiild clearly be desirable. 

A variety of methods have been developed for assembling metal and 
semiconductor colloids into nanomaterials. These methods have focused on the use of 
covalent linker molecules that possess functionalities at opposing ends with chemical 
afBnities for tiie colloids of interest One of flie most successful j^proaches to date, 
Brust et al., Adv. Mater., 7, 795-797 (1995), involves die use of gold coUoids and well- 
established thiol adsorption chemistry. Bain & Whitesides, Angew. Chem. InL Ed. Engl. , 
28, 506-512 (1989) and Dubois & Nuzzo,i4nRu. Rev. Phys. ChenUy 43, 437-464 (1992). 
hi fliis approach, linear alkaneditfaiols are used as the particle link^w tnolfcwles Thediiol 
scoops at each end of the linker molecule covalently attach themselves to the colloidal 
particles to form aggregate structures. The drawbacks ofthismediod are that the process 
is difScult to control and the assemblies are formed irreversibly. Methods for 
systematically controlling the assembly process are needed if the materials properties of 
these structures are.to be exploited fiiUy. 

The potential utility of DNA for the preparation of biomaterials and in 
nanofiibrication methods has been recognized. In this work, researchers have focused 
on using die sequence-specific molecular recognition properties of oligonucleotides to 
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design impressive structures with weU-defined geometric shapes and sizes. Shekhtman 
et aL, New J. Chem., 17, 757-763 (1993); Shaw & Wang, Science, 260, 533-536 (1993); 
Chen et a!.. J. Am Chem. Soc, 111, 6402-6407 (1989); Chen & Seeman, Nature, 350. 
631-633 (1991); Smith and Feigon,A/aft^, 356, 164-168 (1992); Wangetal., AocAem.. 
32, 1899-1904 (1993); Chen et aL, Biochem., 33, 13540-13546 (1994); Marsh et al.. 
Nucleic Acids Res., 23, 696-700 (1995); Miridn.^n«tt. Review Biophys. Biomol Struct., 
23, 541-576 (1994); Wells, J. Biol. Chem., 263, 1095-1098 (1988); Wai^g et aL. 
Biochem., 30, 5667-5674 (1991). However, the theory of producing DNA structures is 
well ahead of e^qierimental confirmation. Seeman et al.. New J. Chem., 17, 739-755 
(1993). 

SUMMARY OF THE INVENTrnM 
The invention provides a method of detecting a nucleic acid. The melhod 
comprises contacting a nucleic acid having at least two portions with a substrate having 
oUgonucleotides attached thereto. The oUgonncIeotides are located between a pair of 
electrodes and have a sequence complementary to a first portion of the sequence of said 
nucleic acid. The contacting takes place under conditions effective to allow 
hybridization of the oligonucleotides on the substrate with said nucleic acid. Then, the 
nucleic acid bound to the substrate is contacted with a first type of nanoparticles which 
are capable of conducting electricity. The nanoparticles have one or more types of 
oligonucleotides attached to them, and at least one of the types of oHgonucleotides has 
a sequence complementary to a second portion of the sequence of said nucleic acid The 
contacting takes place under conditions effective to allow hybridization of the 
oligonucleotides on the nanoparticles with the nucleic add. The hybridization of the 
oUgonucleotides on the nanoparticles with the nucleic acid results in a change in 
conductivity. 

The invention provides another methodofdetectinganucleicacidhaving at least 
two portions. The method comprises contactmg a nucleic acid with a substrate having 
oligonucleotides attached thereto, the oligonucleotides being located between a pair of 
electrodes. The oUgonucleotides haveasequence conq)lementaty to afirstportion of the 
sequence of the nucleic add. The contacting takes place under conditions effective to 
aUow hybridization of the oUgonucleotides on the substrate with the nucldc add. Then, 
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fbs nucldc add bound to fbe substrate is contacted with an aggregate probe having 
oKgonncleotides attached thereto. At least one of die types of oUgonucleotides on the 
aggregate probe comprises a sequmce conq)l«nentaiy to the sequence of a second 
portion of said nucleic acid. The nanoparticles of the aggregate probe are capable of 
conducting electricity. The contacting taking place under conditions effective to aUow 
hybridization of die oligonucleotides on the aggregate probe with die nucleic acid. The 
hybridization of the oligonucleotides on the nanoparticles widi die nucleic acid results 
in a change in conductivity. 

The invention also provides a kit for detecting nucleic acid. The kit conqirises 
a substrate having attached diereto at least one pair of electrodes wifli oUgomicleotides 
attached to die substrate between die electrodes. The oligomicleotides have a sequence 
complementary to a first portion of die sequence of a nucleic add to be detecled- 

The invention provides anoflier mediod of detecting nucldc add having at least 
two portions. The method comprises providing a substrate having a first type of 
nanoparticlesattached thereto. Ihenanoparticleshave oligonucleotides attacheddiereto 
\drichhave asequence complementary to a firstportionof die sequence of anncldc add 
to be detected. The nucleic add is contacted witii die nanoparticles attached to die 
substrate underconditions eflFective to aUow hybridization of die oligonucleotides ondie 
nanoparticles widi said nucleic add. Next, an aggregate probe is provided. The 
aggregate probe comprises at least two types of nanoparticles having oKgonucleotides 
attached fliereto. The nanoparticles of die aggregate probe are bound to each otiier as a 
result of die hybridization of some of die oUgonucleotides attached to diem. At least one 
of die types of nanoparticles of die aggregatepnobe has oUgonucleotides attached diereto 
wbich have a sequence conq)lementary to a second portion of die sequence of said 
nucleic acid. The nucleic acid bound to die substrate is contacted widi die aggregate 
probe under conditions effective to allow hybridization of die oligonucleotides on die 
aggregate probe widi die nucleic acid. Hybridization of die oUgonucleotides on die 
aggregate probe with the nucleic acid results in a detectable change. 

The invention provides yet anodier mediod of detecting nucldc acid having at 
least two portions. The method conqirises providing a substrate having oUgonucleotides 
attacheddiereto. The oUgonucleotides have a sequence conqilementary to a first portion 
of die sequence of a nucleic acid to be detected. An aggregate probe comprising at least 
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two types of nanoparticles having oligonucleotides attached thereto is provided. The 
nanopaiticles of the aggregate probe are bound to each other as a result of the 
hybridization of some of flie oligonucleotides attached to them. At least one of flie types 
of nanoparticles of the aggregate probe has oUgonucleotides attached to them which have 
a sequence complementary to a second portion of the sequence of said nucleic acid. The 
nucleic acid, the substrate and the aggregate probe are contacted under conditions 
effective to allow hybridization of the nucleic acid with the oligonucleotides on the 
aggregate probe and widi the oligonucleotides on the substrate. Hybridization produces 
a detectable change. 

The invention provides another method of detecting nucleic acid having at least 
two portions. The method comprises providing a substrate having oligonucleotides 
attached to it Also, an aggregate probe comprising at least two Qrpes of nanoparticles 
having oUgonucleotides attached to themis provided. The nanoparticles ofthe aggregate 
probe are bound to each other as a result of the hybridization of some of the 
oligonucleotides attached to them At least one of the types of nanoparticles of the 
aggregate probe has oligonucleotides attached to them which have a sequence 
CQnq>Iementaiytoafirstportion ofthe sequence ofanucleicacidtobedetected. Furflier 
provided is a type of nanoparticles havmg at least two types of oligonucleotides attached 
to than. The first type of oligonucleotides has a sequence con^plementary to a second 
portion ofthe sequence of tiie nucleic add. The second type of oligonucleotides has a 
sequence conq)lementary to at least a portion ofthe sequence ofthe oligonucleotides 
attached to the substrate. The nucleic acid, the aggregate probe, the nanoparticles and 
the substrate, are contacted under conditions effective to allow hybridization ofthe 
nucleic acid witii die oligonucleotides on the aggregate probe and on the nanoparticles 
and hybridization of the oligonucleotides on the nanoparticles wifli the oligonucleotides 
on the substrate. Hybridization produces a detectable change. 

The invention provides yet another method of detecting micleic add having at 
least two portions. The method conq)rises amtacting a nucldc add to be detected wifli 
a substrate having oligonucleotides attached to it The oligonucleotides have a sequence 
conq>lementary to a first portion of the sequence of fbs nucldc add. The contacting 
taldes place under conditions effective to allow hybridization ofthe oligonucleotides on 
the substrate with tiie nucldc add. The nucldc add bound to tiie substrate is contacted 
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with liposomes having oligonucleotides attached to them. The oligonucleotides have a 
sequence complementaiy to a portion of the sequence of the nucleic acid. Tdie 
contacting takes place under conditions effective to allow hybridization of the 
oligonucleotides on the liposomes with the nucleic acid Next, an aggregate probe is 
provided. The aggregate probe conqmses at least two types of nanoparticles having 
oUgonucleotides attached to them. Thenanoparticlesoftheaggregateprobe being bound 
to each other as a result of the hybridization of some of the oUgonucleotides attached to 
them. At least one of the types of nanoparticles of the aggregate probe has 
oligonucleotides attached to them which have a hydrophobic group attached to the end 
not attached to the nanoparticles. The liposomes bound to the substrate are contacted 
with the aggregate probe under conditions effective to allow «»*fa/.iiT«^t of the 
oUgonucleotides on the aggregate probe to the Uposomes as a result of hydrophobic 
interactions. This attachment produces a detectable change. 

nie invention provides an additional method of detecting nucleic acid having at 
least two portions. First, a substrate haviijg oUgonucleotides attached to it is prxmded. 
The oUgonucleotides have a sequence CQnq>lementaiy to a first portion of Ae sequence 
of a nucleic acid to be detected. A core probe conqncising at least two types of 
nanoparticlesisalsoprovided. Each type ofnanoparticles has oUgonucleotides attached 
to them which are complementary to the oUgonucleotides on at least one of the other 
types ofnanoparticles. The nanoparticles of the core probe are bound to each other as 
a result of the hybridization of the oUgonucleotides attached to them. FinaUy, a type of 
nanoparticles having two types of oUgonucleotides attached to them is provided. The 
first type of oUgonucleotides has a sequence complementary to a second portion of the 
sequence of the nucleic acid. The second type of oUgonucleotides have a sequence 
complementary to a portion of the sequence of the oUgonucleotides attached to at least 
one of the types ofnanoparticles of the core probe. The nucleic acid, tiie nanoparticles, 
the substrate and the core probe are contacted under conditions effective to allow 
hybridization of the nucleic acid witii the oUgonucleotides on the nanoparticles and witt 
Ae oUgonucleotides on the substrate and to allow hybridization of the oUgonucleotides 

on the nanoparticles wilhtheoUgonucleotides on the core probe. Hybridizationproduces 
a detectable change. 
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The invention provides anodier method of detecting nucleic acid having at least 
two portions. First, a substrate having oligonucleotides attached to it is provided. The 
oUgonucleotides have a sequence complementary to a first portion of the sequence of a 
nucleic acid to be detected. Also provided is a core probe comprising at least two types 
of nanoparticles. Each type of nanoparticles has oligonucleotides attached to them which 
are complementary to the oligonucleotides on at least one other type of nanoparticles. 
The nanoparticles of the core probe being bound to each other as a result of the 
hybridization of the oligonucleotides attached to them. Finally, a type of linking 
oUgonucleotides is provided. The linking otigonucleotides conqmse a sequence 
complementary to a second portion of the sequence of the nucleic acid and a sequence 
complementary to a portion of the sequence of flie oligtmucleotides attached to at least 
one of the types of nanoparticles of the core probe. The nucleic add, the linking 
oligonucleotides, the substrate and the core probe are contacted under conditions 
effective to aUow hybridization of said nucleic add with the linking oKgomicIeotides and 
with the oUgonucleotides on the substrate and to allow hybridization of the 
oKgomicIeotides on the linking oligonucleotides with the oligonucleotides on the core 
probe. Hs^bridization produces a detectable change. 

"ITie invention also provides aggregate probes, core probes, and kits for 
performing die assays emplayiDg aggregate probes and core probes. 

The invention fiirtfaer provides a mefliod of binding oligonucleotides to charged 
nanoparticles to produce stable nanqparticle-oligonucleotide conjugates which have the 
oligonucleotides present on surfece of the nanoparticles at a surfece density of at least 
10picomoles/cm^ The method comprises contacting nanoparticles and oligonucleotides 
having covalentiy bound tiiereto a moiety comprising a functional group which can bind 
to the nanoparticles in water for a period of time sufBcient to allow at least some of tiie 
oligonucleotides to bind to the nanoparticles. Then at least one salt is added to the water 
to form a salt solution. The ionic strength of the salt solution is sufBcient to overcome 
at least partially the electrostatic attraction or rqnilsion of the oligonucleotides for the 
nanoparticles and the electrostatic repulsion of the oligonucleotides for each other. Hie 
oligonucleotides and nanoparticles are contacted m tiie salt solution fi>r an additional 
period of time sufBdent to allow sufBdent additional oligonucleotides to bind to the 
nanoparticles to produce Ihenanoparticle-oligonucleotide conjugates. Theinventionals 
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provides the nanoparticle-oligoinicleotide conjugates pnxhiced by this method (referred 
to as "high-density conjugates") and methods of using the conjugates to detect nucleic 
acids. Thus, the invention provides a method of detecting a nucleic acid wherein the 
nucleic acid is contacted with at least one type of the high-density nanoparticle- 
oUgonucleotide conjugates under conditions effective to aUow hybridization of the 
oUgonucleotides on the nanoparticles with the nucleic acid. Hybridization of the 
oligonucleotides on the nanoparticles with the nucleic acid produces a detected change. 

In addition, the invention provides a method of detecting a nucleic acid having 
at least two portions, the method comprising providing a type of the highrdenisty 
nanoparticl<H>UgQnucleotide conjugates. The oKgonucleotidesoneachnanoparticle have 
a sequence complementary to the sequence of at least two portions of the nucleic add. 
The nucleic acid is contacted with the conjugates under conditions effective to allow 
hybridi2ation of the oKgomicleotides on the nanoparticles with the two or more portions 
of the nucleic add. Hybridization produces a detectable change. 

The invention further provides a method of detecting a nucleic add having at 
least two portions comprising contacting the nucldc add wi& at least two types of the 
high-density nanoparticle-oligonucleotide conjugates. The oUgonucleotides on the 
nanoparticles of the first type of conjugates have a sequence complementary to a fiist 
portion of the sequence of the nucleic acid. The oUgonucleotides on the nanoparticles 
of the second type of conjugates have a sequence complementary to a second portion of 
the sequence of the nucleic acid. The contacting taking place under conditions effective 
to allow hybridization of the oUgonucleotides on tiie nanoparticles with the nucleic acid. 
Hybridization produces a detectable change. 

The invention provides yet another metiiod of detecting a nucleic acid having at 
least two portions using the high-density conjugates. The metiiod comprises contacting 
tiie nucleic add witii a substrate having oUgonucleotides attached thereto. The 
oUgonucleotides have a sequence complementary to a first portion of the sequence of 
said nucleic acid. The contacting taking place under conditions effective to allow 
hybridization of the oUgonucleotides on tiie substrate witiisaidrracldc add. The nucldc 
acid bound to the substrate is contacted with a first type of the high-density nanoparticle- 
oligonucleotide conjugates. At least one of the types of oUgonucleotides attached to the 
nanoparticles of tiie conjugates has a sequence complementary to a second portion of the 
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sequence of the nucleic acid. The contacting takes place under conditions effective to 
aUow hybridization of the oligonucleotides attached to the nanoparticles of the 
conjugates with the nucleic add. Hybridization produces a detectable change. 

The invention also provides a kit comprising a container holding a type of the 
high-density nanoparticle-oUgonucleotide conjugates. 

The invention also provides a method of detecting nucleic acid having at least 
two portions. The method comprises contacting a nucleic acid to be detected with a 
substrate having oUgonucleotides attached to it The oligonucleotides have a sequence 
complementary to a first portion of the sequence of the nucleic acid. The contactmg 
takes place under conditions effective to allow hybridization of the oligonucleotides on 
the substrate with the nucleic acid. The nucleic add bound to the substrate is conlacted 
with a type of nanoparticles having oligonucleotides attached to them. The 
oUgonucleotides have a sequence complementaiy to a second portion of the sequence of 
the nucldc add. The contacting takes place under conditions eflBsctive to aUow 
hybridization of the oligonucleotides on the nanoparticles with die nucldc add. Hien, 
the substrate is contacted with silver stain to produce a detectable change. 

The mvention further provides a method of detecting a nucldc add wherein the 
method is performed on a substrate. Hie method comprises detecting the presence, 
quantity,or both, of tiie nucleic add wifli an optical scanner. 

Inyet another embodiment, the invention comprises a method of nanofabrication. 
The mefliod comprises providing at least one type of linking oUgonucleotide having a 
selected sequence. Tthe sequence of each type of linking oligonucleotide has at least two 
portions. Also, one or more types of the high-density nanoparticle-oligonucleotide 
conjugates are provided. The oligonucleotides attached to the nanoparticles of each of 
Ihe types of conjugates have a sequence complementary to the sequence of a portion of 
a linking oUgonucleotide. The Unking oUgonucleotides and conjugates axe contacted 
under conditions effective to aUow hybridization of the oUgoimcIeotides attached to flie 
nanoparticles of the conjugates to flie Unking oUgonucleotides so that a desired 
nanomaterial or nanostructure is formed wherdn the nanoparticles of the conjugates axe 
held together by oUgonucleotide connectors. 

The invention provides another method of nanofebrication. At least two types 
of the high-density nanopartide-oUgonucleotide conjugates axe provided. The 
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oUgonucleotides attached to the nanoparticles of the first type of conjugates have a 
sequence complementary to that of the oUgonucleotides attached to the nanoparticles of 
the second type of conjugates, and the oligonucleotides attached to the nanoparticles of 
the second type of conjugates have a sequence conq)lementaiy to that of tbe 
oligonucleotides attached to the nanoparticles of the first type of conjugates. The first 
and second types of conjugates are contacted under conditions effective to allow 
hybridization of the oligonucleotides on die nanoparticles of the conjugates to each other 
so that a desired nanomaterial or nanosfructurc is formed. 

The invention fiirther provides nanomaterials or nanostructures composed of the 
high-density nanoparticle-oligonucleotide conjugates, the nanoparticles being held 
togeflier by oligonucleotide connectors. 

Finally, the invention provides a method of separating a selected nucleic acid 
having at least two portions fix)m other nucleic acids. The method conqnises providing 
two or more types of the higM«!nsity nanopartiole-oUgonucleotide conjugates. The 
oUgonucleotides attached to the nanoparticles of each of the types of conjugates have a 
sequence complementary to the sequence of one of flie portions of the selected nucleic 
add. The nucleic acids and conjugates are contacted under conditions efTective to allow 
hybridization of the oligonucleotides on the nanoparticles of the conjugates with the 
selected micleic acid so that the conjugates hybridized to the selected nucleic acid 
aggregate and precipitate. 

As used hoein, a "type of oligonucleotides" refers to a plurality of 
oUgonucleotide molecules having the same sequence. A "type of nanoparticles, 
conjugates, particles, latex microspheres, etc. having oligonucleotides attached thereto 
refers to a plurality of that item having the same type(s) of oligonucleotides attached to 
Ihem. "Nanoparticles having oligonucleotides attached thereto" are also sometimes 
referred to as "nanoparticle-oligonucleotide conjugates" or, in the case of tiie detection 
mefliods of the invention, "nanoparticle-oligonucleotideprobes," "nanqparticleprobes," 
or just "probes." 

BRIEF DESCRIPnON OF THF. HI? Aymifig 
1: Schematic diagram ilhistrating the formation of nanoparticle 
aggregates by combiningnanc^Mrticles having complenieolaiy oligonucleotides attached 
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to flienn, the nanoparticles being held together in the aggregates as a result of flie 
hybridization of the complementary oligonucleotides. X represents any covalent anchor 
(such as -S(CH2)30P(0)(0>, where S is joined to a gold nanoparticle). For the sake of 
simplicity in Figure 1 and some subsequent figures, only one oligonucleotide is shown 
to be attached to each particle but, in feet, each particle has several oUgonucleotides 
attached to it Also, it is important to note diat in Figure 1 and subsequent figures, the 
relative sizes of the gold nanoparticles and the oligonucleotides are not drawn to scale. 

Figure 2: Schematic diagram illustrating a system for detecting nucleic acid 
using nanoparticles having oUgonucleotides attached thereto. The oligonucleotides on 
the two nanoparticles have sequences complementary to two difforent portions of the 
single-stranded DNA shown. As a consequence, they hybridize to the DNA producing 
detectable changes (fotming aggregates and producing a color diange). 

Figure 3: Schematicdiagramofavariationof1faesy5temshowninFiguie2. The 
oligonucleotides on tihe two nanoparticles have sequences complementaiy to two 
diffoent porti(»is of the single-stranded DNA shown which are sqtarated by a tiiird 
portion yi/bdch is not con^lementary to the oligonucleotides on the nanoparticles. Also 
shown is an optional filler oligonucleotide which can be used to hybridize with the 
noncomplementaiy portion ofthe single-stranded DNA. When the DNA, nanoparticles 
and filler oligonucleotides are combined, the nanoparticles aggregate, with tiie formation 
of nicked, double-stranded oligonucleotide connectors. 

Figure 4: Schematic diagram ilhistrating reversible aggregation of nanoparticles 
having oligonucleotides attachedfiiereto as aresult ofhybridization and de-hybridization 
with a linking oligonucleotide. The illustrated linking oligonucleotide is a double- 
stranded DNA having overhanging termini (sticky ends) which are conrplementaiy to the 
oligonucleotides attached to die nanq)articles. 

Figure 5: Schematic diagram ilhistrating the formation of nanoparticle 
aggregates by combining nanoparticles having oligonucleotides attached thereto wifli 
linking oligonucleotides having sequences complementary to the oligonucleotides 
attached to the nanoparticles. 

Figure 6: Cuvettescontainingtwotypesofgoldcolloids,eachhavingadiffere3at 
oligonucleotide attached thereto and a linkmg double-stranded oligonucleotide with 
sticky ends con^lementaiy to the oligonucleotides attached to die nanoparticles (see 
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Figure 4). Cuvette A - at SOoQ which is above the Tm of the linking DNA; de- 
hybridized (thennaUy denatured). The color is daric red. Cuvette B - after cooling to 
room temperature, which is below the Tm of Ae linking DNA; hybridization has taken 
place, and the nanqparticles have aggregated, but the aggregates have not precipitated. 
The color is purple. Cuvette C - after several hours at room temperature, the aggregated 
nanoparticles have settled to the bottom of the cuvette. The solution is clear, and the 
precipitate is pinkish gray. Heating B or C will result in A. 

Figure?: A graph of absorbance versus wavelength in nm showing changes in 
absorbance when gold nanoparticles having oligonucleotides attached thereto aggregate 
due to hybridization with linking oligonucleotides upon lowering of the temperature, as 
illustrated in Figure 4. 

Fi g ures 8A-B : Figure 8A is a graph of change in absoibance versus 
temperature/time for the system illustrated in Figure 4. At low temperatures, gold 
nanoparticles having oligonucleotides attached thereto aggregate due to hybridization 
with linking oHgonucleotides (see Figure 4). At high tempetatme (SOoQ, the 
nanoparticles are de-hybridized. Changing the temperature over time shows that this is 
a reversible process. Figure 8B is a graph of change in absori)ance versus 
tenqjerature/limeperformed in the samemannerusing an aqueous sohitionofimmodified 
gold nanoparticles. The reversible changes seen in Figure 8A are not observed. 

PiRWe?9A-P : Transmission Electron Microscope (TEM) images. Figure 9A is 
a TEM image of aggregated gold nanoparticles held together by hybridization of tiie 
oligonucleotides on the gold nanoparticles wifli linking oligonucleotides. Figure 9B is 
a TEM image of a twcxiimensional aggregate showing the ordering of the linked 
nanoparticles. 

^^S"re 10 : Schematic diagram ilhistrating the formation of thermaUy-stable 
triple-sti^ded oUgonucleotide connectors between nanoparticles having the 
pyrimidineTurineojyrimidine motif Such triple-stranded connectors are stifFer tiian 
double-stranded connectors. In Figure 10, one nanoparticle has an oligonucleotide 
attached to it which is composed of all purines, and the other nanoparticle has an 
oUgonucleotide attached to it which is composed of aU pyrimidines. The tiiird 

oligonucleotide forforiningtiietrq)le-strandedconnectQr(notattachedtoananoparticle) 
is con^Msed of pyrimidines. 
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Figure 11 : Schematic diagram illustrating the formation of nanoparticle 
aggregates by combiningnanoparticleshavingcoiiqilemmtaiy oligonucleotides 
to them, the nanoparticles bdng held together in the aggregates as a result of the 
hybridization ofthe complementary oligonucleotides. In Figure 11, the circles represent 
the nanoparticles. the formulas are oligonucleotide sequences, and s is the thio-alkyl 
linker. The multiple oUgonucleotides on the two types of nanoparticles can hybridize to 
each other, leading to the formation of an aggregate structure. 

Figures 12A-F : Schematic diagrams illustrating systems for detecting nucleic 
acid using nanoparticles having oUgonucleotides attached thereto. OUgamicleotide- 
nanoparticle conjugates 1 and 2 and single-stranded oligonucleotide targets 3, 4, 5, 6 and 
7 are illustrated. Thecirclesiepresentlhenanoparticles,thefiMraulasaieoUgomicleo1ide 
sequences, and the dotted and dashed lines rqiresent connecting Imks of nucleotide. 

Figures 13A-B: Schematic diagrams ilhistrating systems for detecting DNA 
(analyte DNA) using nanoparticles and a transparent substrate. 

Figures 14A-B : Figure 14A is a graph of absorbance versus wavelength in nm 
showing changes in absorbance when gold nanoparticles having oUgonucleotides 
attached thereto (one population of which is in sohition and one population of which is 
attached to a transparent substrate as ilhistcated m Figure 13B) aggregate due to 
hybridization withlmldngoligonucleotides. Figure 14B a gr^hofchangem absorbance 
for the hybridized system refened to in Figure 14A as the temperature is increased 
(melted). 

Figures IgA-G : Schematic diagrams illustrating systems for detecting nucleic 
acid using nanoparticles having oUgonucleotides attached thereto. OUgonucleotide- 
nanoparticle conjugates 1 and 2 and single-stranded oUgonucleotide targets 3, 4, 5, 6, 7 
and 8 are iUustrated. The circles represent the nanoparticles, (he formuhis are 
oUgonucleotide sequences, and S represents the thio-alkyl linker. 

Figures 16A-C: Schematic diagrams illustiating systems for detecting nucleic 
acid using nanoparticles having oUgonucleotides attached thereto. OUgonucleotide- 
nanoparticle conjugates 1 and 2, single-stianded oUgonucleotide targets of different 
lengths, and fiUer oUgonucleotides of difiFerent lengths are ilhistrated. The circles 
represent the nanoparticles, the formulas are oUgonucleotide sequences, and S represents 
the thio-alkyl Unker. 
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Figures 17A-E: Schematic diagrams illustrating nanoparticle-oligoinicleotide 
conjugates and systems for detecting nucleic acid using nanoparticles having 
oligonucleotides attached thereto. The circles represent the nanoparticles, the straight 
lines represent oligonucleotide chains (bases not shown), two closely-spaced parallel 
lines represent duplex segments, and die small letters indicate specific nucleotide 
sequKices (a is con^lementary to a', b is conqplemenlary to b', etc.). 

Figure 18: Schematic diagram illustrating a system for detecting nucleic acid 
using Uposomes (large double circle), nanoparticles (smaU open circles) and a 
transparent substrate. The filled-in squares represent cholestetyl groups, Oe squiggles 
represent oUgonucleotides, and the bidders represent double-stranded (hybridized) 
oligonucleotides. 

Figures 19A-B: Figure 19A is a graph of absotfoance versus wavelength innm 
showing changes in absorbance when gold nanoparticle-oUgonucleotide conjugates 
assemble in multiple layers on a transparent substrate as illustrated in Figure 13A. 
Figure 1 9B is a gt^ of change in absorbance for the hybridized system referred to in 
Figure 19A as the tBnq)erature is increased (melted). 

Figure? 20A-B: nhistrations of schemes using fluorescent-labeled 
oligonucleotides attached to metallic or semiconductor quenching nanoparticles (Figure 
20A) or to non-metallic, nonrsemiconductor particles (Figure 20B). 

Figure 21: Schematic diagram illustrating a system for detecting target nucleic 
add using gold nanoparticles having oligonucleotides attached thereto and latex 
microspheres having fluorescentiy-labeled oligonucleotides attached thereto. The small 
closed, dark circles represent the nanoparticles, the large, open circles represoit the latex 
microspheres, and the large oval represents a microporous membrane. 

Figure 22: Schematic diagram illustrating a system for detecting target nucleic 
acid using two types of fluorescentiy-labeled oligonucleotide-nanoparticle conjugates. 
The closed circles represent the nancqiarticles, and fbs large oval represents a 
microporous membrane. 

Figure 23: Sequences of materials utilized in an assay for Andmuc Protective 
Antigen (see £xanq)le 12). 

Figure 24: Schematic diagram illustrating a system for detecting target nucleic 
add using a "satellite probe" which con^rises magnetic nanoparticles (dark spheres) 
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having oligonucleotides (straight lines) attached to Ihem, probe oligonucleotides (straight 
lines) hybridized to the oligonucleotides attached to the nanoparticles, the probe 
oligonucleotides being labeled with a reporter group (open rectangular box). A, B, C, 
A', B', and C represent specific nucleotide sequences, with A, B and C bemg 
complementary to A', B' and C, respectively. 

Figures 2SA-B: Schematic diagrams illustrating systems for detecting DNA 
using nanoparticles and a transparent substrate. In these figures, a, b and c refer to 
different oUgonucleotide sequences, and a', b' and c' refer to oUgonucleotide sequences 
complementary to a, b and c, respectively. 

Figure 26 : Schematic diagram iUustrating systems for forming assemblies of 
CdSe/ZnS core/shell quantum dots (QD). 

Figures 27A-D: Figure27Ashowsfluorescencespectraconipaiingdispereedand 
aggregated QDs, with an excitation at 400 mn. The sanq)les were prepared identically, 
except for the addition of complementary 'Tinker" DNA to one and an equal vohune and 
concentration of non-complementary DNA to the olhcr. Figure 27B shows UV-Visible 
spectra of QD/QD assembUes at diffettsnt tenqxoatuies before, during and after 
••meltingi". Figure 27C shows high resohition TEM image of a portion of a hybrid 
gold/QD assembly. The lattice fiinges of the QDs. which resemble fingerprints, appear 
near each gold nanoparticle. Figure 27D shows UV-Visible spectra of hybrid gold/QD 
assenibUes at different temperatures before, during and after "melting'*. The insets in 
Figures 27B and 27D display tenQ)erature versus extinction profiles for the thermal 
draiaturation of the assemblies. Denturation e3q)eriments were conducted in 0.3 MNaCl, 
10 mM phosphate buffer (pH 7), 0.01% sodium azide with 13 nm gold nanoparticles 
and/or ~4 nm CdSe/ZnS core/shell QDs. 

Figures 28A-E : Schematic diagrams illustrating the preparation of core probes, 
aggregate probes and systems for detecting DNA using these probes. In these figures, 
a, b, c and d refer to different oUgonucleotide sequences, and a', b*. c' and d* refer to 
oligonucleotide sequences con^lementaiy to a, b, c and d, respectively. 

Figure 29: Gr^h of fiactional di^lacement of oligonucleotides by 
merc^toethanol ftom nanoparticles (closed circles) or gold fliin fihns (open squares) 
to which the oligonucleotides had been attached. 
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Figure 30 : Schematic diagram iUuslrating system for detecting a target DNA in 
a four-element array on a substrate using nanoparticle-oligonucleotide conjugates and 
amplification 'with silver staining. 

Figure 31 : Images obtained with a flatbed scanner of 7 mm x 13 mm 
oligonucleotide-functionalized float glass slides. (A) SUde before hybridization ofDNA 
target and gold nanoparticIe-oUgonucleotide indicator conjugate. (B) SUde A after 
hybridization of 10 nM target DNA and 5 nM nanoparticle-oligonucleotide indicator 
conjugate. A pink color was imparted by attached, red 13 nm diameter gold 
nanoparticles. (C) Slide B after exposure to sflver amplification solution for 5 minutes. 
(D) Same as (A). (E) SUde D after hybridization of 100 pM target and 5 nM 
nanoparticle-oUgonucleotide indicator conjugate. The absoifoance of the nanoparticle 
layer was too low to be observed with the naked eye or flatbed scanner. (F) Slide B after 
wqwsure to sUver an^lification solution fijr 5 minutes. Note that sUde F is much Ughter 
than sUde C, indicating lower target concentration. (G) Control sKde, exposed to 5 nM 
nanoparticle-oUgonucleotide indicator conjugate and «q)osed to silver amplification 
solution for S minutes. No dadcening of the slide was observed. 

KgiEs32: Graphofgreyscale(opticaldensity)ofoligonncleotide-fimctionali2ed 
gbiss sui^ exposed to varying concentoations of target DNA, fi)Uowed by 5 nM gold 
of nanoparticle-oligonucleotide indicator conjugates and silver amplification for 5 
minutes. 

rigtires33A-B : Graphs of percent hybridized label vercus temperature showing 
dissociation of fluorophor^hibeled (Figure 33A) and nanoparticle-labeled (Figure 33B) 
targets &om an oligonucleotide-functionalized glass surface. Measurements were made 
by measuring fluorescence (Figure 33A) or absorbance (Figure 33B) of dissociated label 
in the sohjtion above the glass surface. The lines labeled "b" show tiie dissociation 
curves for perfectiy matched oUgonucIeotides on tiie glass, and the lines labeled 'Y'show 
curves for mismatched oUgonucIeotides (a one-base mismatch) on the glass. Vertical 
Unes in the graphs iUustrate the fraction of target dissociated at a given temperatiire 
(halfway between themelting temperatures r„ of each curve) for each measurement, and 
the expected selectivity of sequence identification for fluorophor©- and nanoparticle- 
based gene chips. Fluorescence (Figure 33A): complement (69%)/mismatch (38%) = 
1.8:1, Absorbance (Figure 33B): complement (85%)/mismatch (14%) = 6:1. The 
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breadth of the fluorophore-labeled curves (Figure 33A) is characteristic of the 
dissociation of fluorophore-Iabeled targets from gene chips (FonnanetaL, inMolecuJar 
ModettngofNudeic Acids, Leontis et aL. eds., (ACS Symposium Series 682. American 
Chemical Society, Washington D.C., 1998), pages 206-228). 

Figures 34A-B : Images of model oligonucleotide arrays challenged with synthetic 
target and fluorescent-labeled (Figure 34A) or nanoparticle-labeled (Figure 34B) 
nanoparticle-oligonucleotide conjugate probes. C, A, T, and G represent spots 
(elements) on the array where a single base change has been made in the oligonucleotide 
attached to the substrate to give a perfect match with the target (base A) ora single base 
mismatch (base C, Tor G in place of the perfect match with base A). The greyscale ratio 
for elements C:A:T:G is 9:37:9:1 1 for Figure 34A and 3:62:7:34 for Figure 34B. 

Figure 35 : Schematic diagram illustrating system for fijnning aggregates (A) or 
layers (B) of nanqparticles (a and b) Imked by a linkmg nucleic add (3). 

Figure 36A: UV-visible spectra ofahemating layers ofgold nanqparticles a and 
b (see F igure 35) hybridized to an oligonucleotide-functiQttalized glass microscope slide 
via the complementaiy linker 3. The spectra are for assembUes with 1 (a, = 524 
nm), 2 (b, - 529 nm). 3 (c. = 532 nm). 4 (d, == 534 nm) or 5 (e. 31^ = 534 
nm) layers. These spectra were measured directly tfarou^ the slide. 

Figqrg 36B: Graph of absotbance for nanoparticle assembUes (see Figure 36A) 
at Kag. witii increasing numbers of layers. 

Figures 37A-F: Figure 37A: FB-SEM of one layer of oUgonucleotide- 
fimctionalized gold nanoparticles cohybridized with DNA linker to an oligonucleotide- 
functionalized, conductive indium-tin-oxide (TTO) slide (prepared in same manner as the 
oUgonucleotide-functionahzed glass sUdes). The visible absorbance spectrum of this 
slide was identical to Figure 36A, indicating that functionalization and nanoparticle 
coverage on ITO is similar to that on glass. The average density of counted nanoparticles 
from 10 such images was approximately 800 nanoparticles,'nm^ Figure 37B: FE-SEM 
image of two layers of nanoparticles on flie ITO slide. The average density of counted 
nanoparticles from 1 0 such unages was iq>praximately 2800 particles/fmil Figure 37C: 
Absorbance at 260 nm {k^ showing dissociation of a 0.5 ^M sohition of the 
oUgomicleotide duplex (1 + 2 + 3; see Figure 35, A) to singje strands in 0.3 M Nad, 10 
mM phosphate buffer solution 0)H 7). Figures 37D-F: Absorbance at 260 nm (Aj^^ 
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showing dissociation ofl layerCFigure37D). 4 layers (Figure 37E) and 10 layers (Figure 
37F) of oligonucleotide-functionalized gold nanoparticles from glass slides immersed 
in 0.3 M NaQ, 10 mM phosphate buffer solution. Melting profiles were obtained by 
measuring the decreasing absorption at 520 nm (A^) fluoughthe sUdes with increasing 
temperature. In each of Figures 37D-F, tiie insets show the first derivatives of tiie 
measured dissociation curves. FWHM of these curves were (Figure 37C inset) 132, °C, 
(Figure 37D inset) 5.6 °C, (Figure 37E inset) 3.2 'C, and (Figure 37F inset) 2.9 "C. 

Figure 38 : Schematic diagram illustrating system used to measure the electrical 
properties of gold nanoparticle assembUes linked by DNA. For simpUcity, only one 
hybridization event is drawn. 

Figpr^ 39 : Schematic diagram illustratii^g a method of detecting nucleic add 
using gold electrodes and gold nanq)articles. 

DETAILED DESCRIPTION OF THE 
PRESENTLY PRRFRRRB p EMBODIMRNTS 

Nanoparticles usefiil in fbe practice of the mvention include metal (e.g., gold, 
silver, copper andplatinum), semiconductor (e.g., CdSe, CdS, and CdS or CdSe coated 
with ZnS) and magnetic (e.g., fenxMnagnetite) coUoidal materials. Other nanoparticles 
useful in tiie practice of the invention include ZnS, ZnO, TiO^, Agl, AgBr, Hglj, PbS, 
PbSe, ZnTe. CdTe, In,S„ In^Se,. CdjP^ Cd^As^ InAs. and GaAs. Hie size of the 
nanoparticles is preferably Scorn about 5 nm to about 150 nm (mean diameter), more 
preferably Scorn about 5 to about 50 nm, most preferably fi»m about 1 0 to about 3 0 nm. 
The nanoparticles may also be rods. 

Methods of makmg metal, semiconductor and magnetic nanoparticles are weU- 
known in the art See, e.g., Schmid, G. (ed.) Clusters and Colloids (VCH, Weinheim. 
1994); Hayat, MA. (ed.) Colloidal Gold: Principles, Methods, and Applications 
(Academic Press, SanDiego, l991);Massait,R., IEEE TaransactionsOnMagnetics,!^ 
1247 (1981); Ahmadi, T.S. etal., Science, 272. 1924(1996); Henglein, A.etaL, 7. Phys. 
Chem., 99, 14129 (1995); Curtis, A.C., et al., Angew. Chem. Int, Ed EngU 27, 1530 
(1988). 

Methods of makmg ZnS, ZnO, TiO^, Agl, AgBr, Hglj, PbS, PbSe, ZnTe, CdTe, 
InjSj, lUjSej, CdjPj, CdjAsj, InAs, and GaAs nanoparticles are also known m the art 
See, eg., Weller, Angew. Chem. Int. Ed. Engl, 32, 41 (1993); Henglein, Top. Curr. 
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Chem., 143, 113 (1988); Henglein, Chenu Rev., 89, 1861 (1989); Bras, Appl. Phys. A., 
53, 465 (1991); Bahncmann, in Photochemical Conversinn and Storage nf Solar Ruftrgy 
(eds. Pelizetti and Schiavello 1991). page 251; Wang and Herron, J. Phys. Chem., 95, 
525 (1991); Olshavsky etal., J. Am. Chem. Soc, 112, 9438 (1990); Ushidaet aL,y. Phys. 
Chem., 95, 5382 (1992). 

Suitable nanoparticles are also commercially available fiom, eg:, Ted Pella, Inc. 
(gold), Amersham Corporation (gold) andNanoprobes, Inc. (gold). 

Presently prcferredforiise in detecting nucleicacids are goldnanoparticles. Gold 
colloidal particles have high extinction coefficients for the bands tbat give rise to their 
beautifiil colors. These intense colors change with particle size, concentration, 
inteiparticle distance, and extent of aggregation and shape (geometry) of the aggregates, 
making these materials particularly attractive for colotimetric assays. For instance, 
hybridization of oUgonucleotides attached to gold nanoparticles with oligonucleotides 
and nucleic acids results in an immediate color change visible to the naked eye (see, e.g. , 
the Exanq>les). 

Gold nanoparticles are also presently preferred fia: use in nanofebrication for the 
same reasons given above and because of their stabiUty, ease of imaging by electron 
microscopy, and well-characterized modification with thiol functionaUties (see below). 
Also preferred for use in nano^btication are semiconducUH: nanoparticles because of 
flieir unique electronic and luminescent properties. 

The nanoparticles, the oligonucleotides or both are fimctionalized in order to 
attach the oligonucleotides to flie nanoparticles. Such methods are known in the art For 
instance, oligonucleotides fimctionalized with aUcanediiols at Iheir 3'-teimim or 5'- 
termini readily attach to gold nanoparticles. See Whitesides, Proceedings of the Robert 
A. Welch Foundation 39th Conference On Chemical Research Monophase Chemistry, 
Houston, TX, pages 109-121 (1995). See also, Mucic et al. Chem. Commun. 555-557 
(1996) (describes a method of attaching 3' thiol DNA to flat gold surfiices; this method 
can be used to attach oUgonucleotides to nanoparticles). The alkanethiol method can 
also be used to attach oUgonucleotides to other metal, semiconductor and magnetic 
coUoids and to the other nanoparticles Usfed above. Other fimctional groups fiw 
attachmg oUgonucleotides to soUd surfeces include phosphorothioate groiqw (see, eg., 
U.S. Patent No. 5,472,88 1 for the binding of oUgonucleotide-phosphorothioates to gold 
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surfeces), substituted allqrlsaoxanes (see, eg. Burwell, Chemical Technology, 4, 370- 
377 (1974) and Matteucci and Canithers,y.yiTO. Chem. Soc, 103,3185-3191 (1981)for 
binding of oligonucleotides to silica and glass surfaces, and Giabar et aL, Anal. Chem., 
67, 735-743 for binding of aminoalkylsiloxanes and for similar binding of 
mercaptoaklylsUoxanes). OUgonucleotides tenninated with a 5' thionucleoside or a 3' 
thionucleoside may also be used for attaching oligonucleotides to sohd surfaces. The 
foUowing references describe other methods which may be enq)loyed to attached 
oligonucleotides to nanoparticles: Nuzzo et al., J. Am. Chem. Soc, 109, 2358 (1987) 
(disulfides on gold); Allara and Nuzzo. Langmuir, 1, 45 (1985) (caiboxyUc adds on 
aluminum); Allaia and Tompkins, J. Colloid Interface ScL, 49, 410-421 (1974) 
(carboxylic acids on copper); Der, The Chemistry Of Silica, Chapter 6, (Wiley 1979) 
(carboxyUc acids on silica); Timmons andZisman, J. Phys. Chem., 69, 984-990 (1965) 
(caiboxyUc acids on platinum); Soriaga and Hubbard. J. Am. Chem. Soc., 104, 3937 
(1982) (aromatic ring compounds on platinum); Hubbard, Acc Chem. Res., 13, 177 
(1980) (sulfolanes, sulfoxides and other functionalized solvents on platinum); Hickman 
et al., J. Am. Chem. Soc., Ill, 7271 (1989) (isonitriies on platinum); Maoz and Sagiv, 
Langmuir,3, 1045 (1987) (silanes on siKca); Maoz and Sagiv. iangwu/r, 3, 1034(1987) 
(silanes on silica); Wassennan et al.. Langmuir, S, 1074 (1989) (silanes on siUca); 
EltekDva and Eltekov, Langmuir, 3. 951 (1987) (aromatic carboxyhc acids, aldehydes, 
alcohols and metboxy groups on titanium dioxide and siHca); Lec et al, /. PAvs. Chem., 
92, 2597 (1988) (rigid phosphates on metals). 

Each nanoparticle wiU have a plurality of oligonucleotides attached to it As a 
result, each nanoparticle-oligonucleotide conjugate can bind to a plurality of 
oligonucleotides or nucleic acids having ihe conq>lementary sequence. 

OUgonucleotides of defined sequences are used for a variety of purposes in the 
practice of the invention. Metiiods of making OUgonucleotides of a predetennined 
sequence are weU-known. Sec, e.g.,Smihiooketal., Molecular Ooning: ALaboratory 
Manual (2nd ed. 1989) and F. Eckstein (ed.) Oligonucleotides and Analogues, 1st Ed 
(Oxford University Press. New York, 1991). SoUd-phase synthesis methods are 
prefenred for botii oUgoribonucleotides and oUgodeoxyribomicleotides (the well-known 
methods of synthesizing DNA are also useful for synthesizing RNA). 
OUgoribonucleotides andoUgodeoxyribomicleotidescanalsobepieparedenzymatically. 
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The invention provides methods of detecting nucleic acids. Any type of nucleic 
acidmay be detected, and the methods may be used, eg..for the diagnosis ofdisease and 
in sequencing of nucleic adds. Examples of nucleic acids that can be detected by the 
methods of the invention include genes ie.g., a gene associated with aparticular disease), 
viral RNA and DNA, bacterial DNA, fungal DNA, cDNA, mRNA, RNA and DNA 
fragments, oUgonucleotides, synthetic oUgonucleotides, modified oUgonucleotides, 
single-stranded and double-stranded nucleic acids, natural and synthetic nucleic acids, 
etc. Thus, examples of the uses of the methods of detecting nucleic acids include: the 
diagnosis and/or monitoring of viral diseases (eg., human immunodeficiency virus, 
hepatitis viruses, herpes viruses, cytomegalovmis, and Epstein-Bair virus), bacterial 
diseases (e.g., tuberculosis. Lyme disease, H. pylori, Escherichia coli infections, 
Legionella infections. Mycoplasma infections. Salmonella infections), sexuaUy 
transmitted diseases (e.g., gononhea). inherited disordera (eg., cystic fibrosis, Duchene 
muscular dystrophy, phenylketonuria, sidde cell anemia), and cancera (e.g., genes 
associated with the development of cancer); in ferensics; in DNA sequencing; for 
paternity testing; for ceU line authentication; fiir monitoring gene therq)y; and for many 
otiier purposes. 

The methods of detecting nucleic acids based on observing a color change with 
tbe naked eye are cheap, fast, simple, robust (tiie reagents are stable), do not require 
specialized or expensive equipment, and Uttle or no instrumentation is required This 
makes them particularly suitable for use in, e.g., research and analytical laboratories in 
DNA sequencing, in the field to detect tiie presence of specific patiiogens, in the doctor's 
office for quick identificationof an infection to assist in prescribingadrug for treatinent, 
and in homes and healtii centers for inexpensive first-line screraiing. 

The nucleic acid to be detected may be isolated by known metiiods, or may be 
detected directiy in cells, tissue samples, biological fluids (eg., saliva, urine, blood, 
serum), sohitions containing PGR components, sohitions containing large excesses of 
oUgonucleotides or highmolecularweightDNA, and othersamples, as also known inthe 
art See, eg., Sambrook et al.. Molecular Cloning: A Laboratory Manual (2nd ed. 
1989) and B.D. Hames and S.J. Higgins, Eds., Gene Probes 1 (ERL Press, New Yoric. 
1995). Methods of preparing nucleic adds for detection withhybridizingptobes are well 
knownintheart See,eg..Sambrooke/a/.,M»/ec«/araoniiig: A Laboratory Manual 
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(2nd cd. 1989) and B.D. Hames and S J. Higgins, Eds., Gene Probes 1 (IRL Press, New 
York, 1995). 

If a nucleic acid is present in small amounts, it may be applied by methods known 
in the art. See, eg., Sambrook et al.. Molecular aoning: A Laboratory Manual (2nd 
ed. 1989) and B.D. Hames and S.J. ffiggins, Eds., Gene Probes J (DRL Press. New York, 
1995). Preferred is polymerase cham reaction ^CR) amplification. 

One method according to the invention for detecting nucleic acid conqirises 
contacting a nucleic acid with one or more types of nanopaiticles having 
oligonucleotides attached thereto. The nucleic acid to be detected has at least two 
portions. The lengths of these portions and the distance(s), if any, between them are 
chosen so that when the oligonucleotides on the nanoparticles hybridize to the nucleic 
acid, a detectable change occurs. These lengths and distances can be detetmined 
empiricaUy and wiU depend on the type of particle used and its size and the type of 
electrolyte which will be present in solutions used in the assay (as is known in tiie art, 
certain elecbolytes affect &e conformation of nucleic acids). 

Also, when a nucleic add is to be detected in the presence of other nucleic acids, 
tiie portions of the nucleic acid to which tiie oligonucleotides on the nanopaiticles aie to 
bind must be chosen so tibat they contain sufficient unique sequence so that detection of 
the nucleic acid wiU be specific. Guidelines for domg so are well known in flie art 

Although nucleic acids may contain rq)eating sequences close enough to each 
other so tiiat only one type of oligonucleotide-nanoparticle conjugate need be used, flus 
will be a rare occurrence. In general, the chosen portions of flie nucleic acid will have 
different sequences and will be contacted with nanoparticles carrying two or more 
diflferent oligonucleotides, preferably attached to different nanoparticles. An example 
of a system for tiie detection of nucleic acid is illustiated in Figure 2. As can be seen, 
a first oligonucleotide attached to a first nanoparticle has a sequence conq>lementaiy to 
a first portion of tiie target sequence in flie sing;le-stranded DNA. A second 
oligonucleotide attached to a second nanoparticle has a sequoice con4)lanentary to a 
second portion of flie target sequence in the DNA. Additional portions of the DNA could 
be targeted wifliconespondingnanoparticles. See Figure 17. Targeting sevetalportions 
of a nucleic add increases tiie magnitude of tiie detectable change. 
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The contacting of the nanoparticle-oligonucleotide conjugates with tiie nucleic 
acid takes place under conditions effective for hybridization of the oligonucleotides on 
the nanoparticles with the target sequence(s) of the nucleic acid. These hybridization 
conditions are weU known in the art and can readily be optimized for the particular 
system employed. See,e.g.,Samhrooketal.,MolecularCloning: A Laboratory Manual 
(2nd ed. 1989). Preferably stringent hybridization conditions are employed. 

Faster hybridization can be obtained by freezing and thawing a sohition 
containing the nucleic acid to be detected and the nanoparticle-oligonucleotide 
conjugates. The solution may be frozen in any convenient manner, such as placing it in 
a dry ice-alcohol bath for a sufBcient time for the solution to freeze (geneiaUy about 1 
minute for 100 nL of solution). The solution must be thawed at a tenqjeratuie below the 
fliemialdenatuiationtemperature,whichcanconvenientlyberoomtempcnituieformost 
combinations of nanoparticle-oligonucleotide conjugates and nucleic adds. The 
hybridization is complete, and tiie detectable change may be observed, after thawing the 
solutioa 

The rate of hybridization can ahio be increased by warming flie solution 
containing the nucleic acid to be detected and the nanoparticle^ligonucleotide 
conjugates to a temperature below tiie dissociation temperature (Tm) for the complex 
fi)nned between the oligonucleotides on tiie nanoparticles and the target nucleic acid. 
Alternatively, rapid hybridization can be achieved by heating above die dissociation 
^mpexatme (Tm) and allowing the sohition to cool. 

The rate of hybridization can also be increased by increasing the salt 
concentration ie.g., from 0.1 M to 0.3 M NaQ). 

The detectable change that occurs upon hybridization of the oUgonucleotides on 
the nanoparticles to the nucleic acid may be a color change, the formation of aggregates 
of the nanoparticles, or the precipitation of flie aggregated nanoparticles. The color 
changes can be observed with the naked eye or spectroscopically. The formation of 
aggregates of flie nanoparticles can be observed by electron microscopy or by 
nephelometry. The precipitation of flie aggregated nanoparticles can be observed with 
the naked eye or microscopically. Preferred are changes observable with the naked eye. 
Particularly preferred is a color change observable wifli flie naked eye. 



wo 01/00876 



PCT/USOO/17507 



23 

The observation of a color change with the naked eye can be made more readily 
against a background of a contrasting color. For instance, when gold nanoparticles are 
used, the observation of a color change is facilitated by spotting a sample of the 
hybridization solution on a soUd white surfece (such as silica or alumina TLC plates, 
filter p^, ceUulose nitrate membranes, and nylon membranes, preferably a C-l 8 siUca 
TLC plate) and allowing the spot to dry. hiitially, the spot retains the color of the 
hybridization solution (which ranges fiom pink/red, in the absence of hybridization, to 
purplish-red/purple, if there has been hybridization). On drying at room temperature or 
80»C (temperature is not critical), a bhie spot develops if the nanoparticle-oligonucleotide 
conjugates had been linked by hybridization withthe target nucleic acidprior to spotting. 
In the absence of hybridization (eg., because no target nucleic acid is present), fte spot 
ispink. The blue and the pink spots are stable and do not change on subsequent cooling 
or heating or over time. They provide a convenient permanent record of the test No 
other steps (such as a sq»ration of hybridized and unhybridized nanoparticle- 
oligonucleotide conjugates) are necessary to observe the color change. 

An alternate method for easily visualizing the assay results is to spot a sample of 
nanopaiticle probes hybridized to a target nucleic add on a glass fiber filter {eg., 
BorosiUcate Microfiber Filter, 0,7 micron pore size, grade FG75, for use with gold 
nanoparticles 13 nm in size), while drawing the liquid through the filter. Subsequent 
rinsing with water washes the excess, non-hybridized probes through the filter, leaving 
behind an observable spot comprising the aggregates generated by hybridization of the 
nanoparticle probes with the target nucleic acid (retained because these aggregates are 
larger than the pores of the filter). This technique may provide for greater sensitivity, 
smce an excess of nanoparticle probes can be used. Unfortunately, the nanoparticle 
probes stick to many other solid surfeces that have been tried (sihca slides, reverse-phase 
plates, and nylon, nitroceUulose, ceUulose and other membranes), and these surfiices 
cannot be used. 

An important aspect of the detection system illustrated in Figure 2 is fliat 
obtaining a detectable change depends on cooperative hybridization of two different 
oUgonucleotides to a given target sequence m the nucleic acid. Mismatches in either of 
the two oligonucleotides wiU destabilize the interparticle connection. It is well known 
that a rnismatch in base pairing has a much greater destabilizing effect on the buiding of 
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a short oUgonucleotide probe than on the binding of a long oUgonucleotide probe. The 
advantage of the system iUustrated in Figure 2 is that it utilizes the base discrimination 
associated with a long taiget sequence and probe (eighteen base-paiis in the example 
illustrated in Figure 2), yet has the sensitivily characteristic of a short oligonucleolide 
probe (nine base-pairs in the example illustrated in Figure 2). 

The target sequence of the nucleic acid may be contiguous, as in Figure 2, or the 
two portions of the target sequence may be separated by a third portion which is not 
complementary to the oUgonucleotides on the nanoparticles, as illustrated in Figure 3. 
In the latter case, one has the option of using a fiUer oUgonucleotide which is fiee in 
solution and which hasasequence complementary to thatofthisthirdportion(seeFigure 
3). When the filler oligonucleotide hybridizes with the third portion of the nucleic acid, 
a double-stranded segment is created, thereby altering the average distance between the 
nanoparticles and, consequently, the color. The system iUostiated in Figure 3 may 
increase the sensitivity of the detection meduxL 

Some embodiments of the method of detecting nucleic acid utilizB a substrate. 
By employing a substrate, the detectable change (the signal) can be amplified and the 
sensitivity of the assay increased. 

Any substrate can be used which aUows observation of the detectable change. 
Suitable substrates inchide transparent solid surfices (e.g., glass, quartz, plastics and 
other polymers), opaque soKd surfiice ie.g., white soUd surfeces, such as TLC siUca 
plates, filter paper, glass fiber filters, cellulose nitrate membranes, nylon membranes), 
and conducting sohd surfaces ie.g., indium-tin-oxide (TTO)). The substrate can be any 
shape or thickness, but generally will be flat and thin. Preferred are transparent 
substrates such as glass {e.g., glass sUdes) or plastics (e.g., wells of microtiter plates). 

In one embodiment, oUgonucleotides are attached to the substrate. The 
oUgonucleotides can be attached to the substrates as described in, e.g., Chrisey et aL, 
Nucleic Adds Res., 24, 3031-3039 (1996); Chrisey etal.,iVuc/cic^ciasJ!as., 24, 3040- 
3047 (1996); Mucic et al., Chem. Commun., 555 (1996); ZSmmermannandCox, JVi«:/eic 
Acids Res., 22, 492 (1994); Bottomley et al..7. Vac. ScL Tecknol. A, 10. 591 (1992); and 
Hegner et al., FEES Lett, 336, 452 (1993). 

The oUgonucleotides attached to the substrate have a sequence conq>lementary 
to a first portion of the sequence of a nucleic add to be detected- The nucleic acid is 
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contacted with the substrate under conditions effective to aUow hybridization of the 
oUgomicleotides on the substrate with the nucleic acid. In this manner the nucleic acid 
becomes bound to the substrate. Any unbound nucleic acid is preferably washed from 
the substrate before adding nanoparticl&oligonucleotide conjugates. 

Next, the nucleic acid bound to the substrate is contacted with a first type of 
nanoparticles having oUgonucleotides attached thereto. The oUgonucleotides have a 
sequence complemenlaiy to a second portion of the sequence of the nucleic acid, and die 
contacting takes place under conditions effective to aUow hybridization of the 
oUgonucleotides on the nanoparticles with the nucleic add. In this manner the first type 
of nanoparticles become bound to the substrate. After the nanoparticle-oUgonucleotide 
conjugates are bound to the substrate, the substrate is washed to remove any unbound 
nanoparticle-oligonucleotide conjugates and nucleic acid. 

The oUgonucleotides on the first type of nanoparticles may all have the same 
sequence or may have different sequences that hybridize witii different portions of the 
nucleicacidtobedetected. When oUgonucleotides havmg different sequences are used, 
each nanoparticle may have all of the different oUgonucleotides attached to it or, 
preferably, fhe different oUgomicleotides are attached to differentnanoparticles. Figure 
17 iUustrates the use of nanoparticle-oUgonucleotide conjugates designed to hybridize 
to multiple portions of amicldc add. Attematively, the oUgonucleotides on each of the 
first type of nanoparticles may have a pluraUty of different sequences, at least one of 
which must hybridize with a portion of the nucldc acid to be detected (see Figure 25B). 

FmaUy, the first type of nanoparticle-oUgonucleotide conjugates bound to the 
substrate is contacted with a second type of nanoparticles having oUgonucleotides 
attached thereto. These oUgonucleotides have a sequence conq)lementary to at least a 
portion of the sequence(s) of the oUgonucleotides attached to the first type of 
nanoparticles, and the contacting takes place under conditions effective to allow 
hybridization of the oUgonucleotides on the first type of nanoparticles with those on the 
second type of nanoparticles. After the nanoparticles are bound, the substrate is 
preferably washed to remove any unbound nanoparticle-oUgonncleotide conjugates. 

ThecombuMtionofhybridizationsproducesadetectablechange. Thedetectable 
changes are the same as those described above, except that the multiple hybridizations 
result m an amplification of the detectable change. In particular, since each of the first 
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type of nanoparticles has multiple oUgonucleotides (having the same or different 
sequences) attached to it, each of the first type of nanoparticle-oUgonucleotide 
conjugates canhybridize to a phiraUty of the second type of nanoparticle-oligonucleotide 
conjugates. Also, the first type of nanoparticle-oUgonucleotide conjugates may be 
hybridized to more than one portion of the nucleic acid to be detected The amplification 
provided by the multiple hybridizations may make the change detectable forlhefiisttime 
or may increase the magnitude of the detectable change. This anq>lification increases the 
sensitivity of the assay, allowing for detection of small amounts of nucleic acid. 

If desired, additional layers of nanoparticles can be built up by successive 
additions of the first and second types of nanoparticle-oUgonucleotide conjugatBS. Ihtbis 
way, the number of nanoparticles immobiUzed per molecule of target nucleic acid can 
be finttier increased with a correq)onding increase in intensity of the 

Also, instead of using first and second types of nanoparticle-oUgomicleotide 
conjugates designed to hybridize to each other directly, nanoparticles bearing 
oUgonucleotides that would serve to bind the nanoparticles together as a consequence of 
hybridizatioa wifli bmding oUgonucleotides could be used. 

Methods of makiiig the nanoparticles and the oligonucleotides and of attaching 
the oUgonucleotides to flie nanoparticles are described above. The hybridization 
conditions are weU known in the art and can be readily optimized fiir the particular 
system eiiq>loyed (see above). 

An example of this method of detecting nucleic acid (analyte DNA) is iUustiated 
inFigure 13A. As shown in that Figure, the combmationofhybridizations produces dark 
areas where nanoparticle aggregates are linked to flie substrate by analyte DNA. These 
dark areas may be readily observed with the naked eye using ambient Ught, preferably 
viewing the substrate against a white background. As can be readily seen fiom Figure 
13A, this method provides a means of anq)lifyiiig a detectable change. 

Another example of this method of detecting nucleic add is iUustrated in Figure 
25B. As in the example illustrated in Figure 13A. the combination of hybridizations 
produces dark areas where nanoparticle aggregates are Unked to the substrate by analyte 
DNA which can be observed witii the naked eye. 

Inanotherembodiment,nanoparticlesareattachedtothesubstiate. Nanoparticles 
can be attached to substrates as described in, e.g., Grabar et al., Analyt. Chem., 67, 73- 
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743 (1995); BetheUetaL, J. ^/ecrroanoi: Chem.,m, 137 (1996); Bar etal.,Zangmttir, 
12, 1 172 (1996); Colvin et al., J. Am. Chenu Soc, 114, 5221 (1992). 

Afterlhenanoparticles arc attachedtothe substrate, oUgonucleotides are attached 
to the nanoparticles. This may be accomplished in the same mamier described above for 
the attachment of oUgomicleotides to nanoparticles in sohition. The oUgonucleotides 
attached to the nanoparticles have a seipience conq)lementaiy to a first portion of the 
sequence of a nucleic acid. 

The substrate is contacted with the nucleic acid under conditions effective to 
aUow hybridization of the oligonucleotides on the nanoparticles with the nucleic acid. 
In this manner the nucleic acid becomes bound to the substrate. Unbound nucleic acid 
is preferably washed &om the substrate prior to adding further nanoparticle- 
oligonucleotide conjugates. 

Then, a second type of nanoparticles having oligonucleotides attached thereto is 
provided. These oligonucleotides have a sequence complementaiy to a second portion 
of the sequence of the middc acid, and the nucleic acid bound to the substrate is 
contacted with the second type of nanoparticle-oUgonucleotide conjugates under 
conditions effective to aUow hybridization of the oligonucleotides on the second type of 
nanopaiticle-oHgonucleotidecQnjugateswiththenucleicacid. liithis manner, the second 
type of nanoparticle-oUgonucleotide conjugates becomes bound to the substrate. After 
the nanoparticles are bound, any unbound nanoparticle-oUgonucleotide conjugates and 
nucleic acid are washed from the substrate. A change (eg., color change) may be 
detectable at diis point 

The oUgonucleotides on the second type of nanoparticles may all have the same 
sequence or may have different sequences that hybridize with different portions of the 
nucleic acid to be detected. When oUgonucleotides having different sequences are used, 
each nanoparticle may have aU of the different oUgonucleotides attached to it or, 

preferably.thediffermtoUgonucleotidesmaybeattachedtodifferentnanoparticles, See 

Figure 17. 

Next, a binding oUgonucleotide having a selected sequence having at least two 
portions, the first portion being complementary to at least a portion of the sequence of 
the oUgonucleotides on the second type of nanoparticles. is contacted with the second 
type of nanoparticle-oUgonucleotide conjugates bound to the substrate under conditions 
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effective to aUow hybridization of the binding oUgonucleotide to the oligonucleotides 
on the nanoparticles. In this manner, the binding oligonucleotide becomes bound to the 
substrate. After the binding oUgonucleotides are bound, unbound binding 
oligonucleotides are washed fiximtiie substrate. 

FinaUy, a third type of nanoparticles having ohgonucleotides attached thereto is 
provided The oUgonucleotides have a sequence complementary to the sequence of a 
second portion of the binding oligonucleotide. The nanoparticle^ligonucleolide 
conjugates are contacted with the binding oUgonucleotide bound to the substrate under 
conditions effective to allow hybridization of the binding oligonucleotide to the 
oUgonucleotides on the nanoparticles. After the nanoparticles are bound, unbound 
nanoparticle-oUgonucleotide conjugates are washed fiom the substrate. 

Thecombmationofhyhridizationsproducesadetectablechange. Thedetectable 
changes are the same as those described above, except that the multiple hybridizations 
resultinananq)Uficationofthedetectablechange. Ihparticular,snice each of the second 
type of nanoparticles has multiple oUgonucleotides (having flie same or different 
sequences) attached to it, each of the second type of nanoparticle-oUgonncleotide 
conjugates can hybridize to a phiraUty of the iMrd type of nanoparticle-oUgonucleotide 
conjugates(through fliebimling oUgonucleotide). Also, tiie second type ofnanoparticle- 
oUgonncleotide conjugates may be hybridized to more tiian one portion of tiie nucleic 
acid tobe detected. The ampUficationpiDvidedbyfliemultiplehybridizationsmaymake 
die change detectable for tiie first time or may increase the magnitude of the detectable 
change. The ampUfication mcreases flie sensitivity of tiie assay, aUowing for detection 
of smaU amounts of nucleic acid. 

If desired, additional layers of nanoparticles can be built up by successive 
additions of the binding oUgonucleotides and second and tiiird types of nanoparticle- 
oUgonucleotide conjugates. In tiiis way, the nanoparticles immobiUzed per molecule of 
target nucleic acid can be further increased wifli a conespondiag increase m intensity of 
the signal. 

Also, the use of the binding oUgonucleotide can be eUminated, and tiie second 
and tiiird types of nanoparticle-oUgonucleotide conjugates can be designed so tiiat tiiey 
hybridize directiy to each otiio:. 
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Methods of making the nanoparticles and the oUgonucleotides and of attaching 
the oligonucleotides to the nanoparticles are described above. The hybridization 
conditions are weU known in the art and can be readily optimized for the particular 
system employed (see above). 

An example of this method of detecting nucleic acid (analyte DNA) is illustrated 
inFigure 13B. As shown in that Figure, the combination ofhybridizations produces daik 
areas where nanoparticle aggregates are Imked to the substrate by analyte DNA. These 
daric areas may be readily observed with the naked eye as described above. As can be 
seen from Figure 1 3B, this embodiment of the method of the invention provides another 
means of ampli^g the detectable change. 

Another amplification scheme employs Uposomes. lii this scheme, 
oUgonucleotides are attached to a substrate. SJuitable substrates are those described 
above, and the oligonucleotides canbe attached to the substrates as described above. For 
instance, where the substrate is glass, this can be accon?>lished by condensing the 
oUgonucleotides throughphosphoryl or caiboxyMc acid groiq)s to aminoalkylgrou^ 
the substrate surfece (for related chemistry see Grabar et al.. Anal. Chem., 67, 735-743 
(1995)). 

nie oUgonucleotides attached to the substrate have a sequence con5>lementaiy 
to a firat portion of the sequence of the nucleic acid to be detected. The nucleic acid is 
contacted with the substrate under conditions effective to allow hybridization of the 
oUgonucleotides on the substrate with the nucleic add. In this manner the nucleic acid 
becomes bound to tbe substrate. Any unbound nucleic add is preferably washed j&om 
the substrate before adding additional components of the system. 

Next, the nucleic add bound to tiie substrate is contacted with Uposomes having 
oUgonucleotides attached tiiereto. TTie oUgonucleotides have a sequence complementary 
to a second portion of the sequence of the nucleic acid, and tiie contacting takes place 
under conditions effective to aUow hybridization of the oUgonucleotides on the 
Uposomes with tiie nucleic acid. In this manner tiie Uposomes become bound to tiie 
substrate. After flie Uposomes are bound to flie substrate, tiie substrate is washed to 
remove any unbound Uposomes and nucleic add. 

The oUgonucleotides on flie Uposomes may aU have the same sequence or may 
have different sequences fliat hybridize witii different portions of flie nucldc add to be 
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detected When oUgonucleotides having different sequences are used, each liposome 
may have aU of tiie different oUgomicIeotides attached to it or the different 
oUgonucleotides may be attached to diffenait Uposomes. 

To prepare oligonucleotide-liposome conjugates, the oligonucleotides are linked 
to a hydrophobic group, such as cholesteryl (see Letsinger et al., /. Am. Chem. Soc. , 115, 
7535-7536 (1993)), and the hydrophobic-oligonucleotide conjugates arc mixed wifli a 
solution of Uposomes to form Uposomes with hydrophobic-oUgonucleotide conjugates 
anchored in the membrane (see Zhang et aL. Tetrahedron Lett., 37, 6243-6246 (1996)). 
The loading of hydrophobioK>Ugonucleotide conjugates on the suifiice of the lq)osomes 
can be controUed by controUing flie ratio of hydrophobic-oUgonucleotide conjugates to 
Uposomes in tiie mixture. It has been observed that Uposomes bearing oUgonucleotides 
attached by hydrophobic interaction of pendent cholesteryl groins are effective in 
targeting polynucleotides immobiUzed on anitroceUnlose membrane (Id.). Fluorescein 
groiqwanchoredinthemembraneofflieUposomewereusedasfliercportergroup. Hiey 
served effectively, but sensitivity was Umited by the feet fliatflie signal fiom fluorescein 
in regions of high local concentiation(&g., on tiie Uposomesurfece) is weakened by self 
quenching. 

The liposomes are made by mefliodsweU known in tiie art See 23iang et aL, 
Tetrahedron Lett., 37, 6243 (1996). llie Uposomes wiU generaUy be about 5-50 times 
larger in size (diameter) tiian tiie nanoparticles used in subsequent steps. For instance, 
for nanoparticles about 13 mn m diameter, liposomes about 100 nm in diameter are 
preferably used. 

Hie Uposomes bound to tiie substrate are contacted witii a first type of 
nanoparticles having at least a first type of oUgonucleotides attached tiiereto. The first 
type of oUgonucleotides have a hydrophobic group attached to tiie end not attached to 
tiie nanoparticles, and tiie contacting takes place under conditions effective to aUow 
attachment of tiie oUgonucleotides on tiie nanoparticles to tiie Uposomes as a result of 
hydrophobic mteractions. A detectable change may be observable at tiiis point 

The metiiod may furtiier conq>rise contacting tiie first type of nanoparticle- 
oUgonucleotide conjugates bound to flie Uposomes wifli a second type of nanoparticles 
having oUgonucleotides attached fliereto. The first type of nanoparticles have a second 
type of oUgonucleotides attached fliereto which have a sequence complementary to at 
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least a portion of tbe sequence of the oligonucleotides on the second type of 
nanoparticles, and the oUgonucleotides on the second type of nanoparticles have a 
sequence complementary to at least a portion of the sequence of the second type of 
oligonucleotides on the first type of nanoparticles. The contacting takes place under 
conditions eflFective to aUow hybridization of the oUgonucleotides on the first and second 
types of nanoparticles. This hybridization will generally be performed at mild 
ten^eratures (e.g., 5°C to 6Q''C), so conditions (e.g., 0.3-1.0 M NaCl) conducive to 
hybridization at room temperature are employed Following hybridization, mibonnd 
nanoparticle-oUgonucleotide conjugates are washed from the substrate. 

The combination ofhybridizatioDsproduces a detectable change. The detectable 
changes are the same as those described above, except that the multiple hybridizations 
result in an ampUfication of the detectable change. In particular, since each of the 
liposomes has multiple oUgonucleotides (having the same or different sequences) 
attached to it, each of the Uposomes can hybridize to a phnaUly of the fiist type of 
nanoparticle-oUgonucleotide conjugates. Similarly, since each of the first type of 
nanoparticles has multiple oUgonucleotides attached to it, each of the first type of 
nanoparticle-oUgonucleotide conjugates can hybridize to a phiraUty of ihe second type 
of nanoparticle-oUgonucleotide conjugates. Also, the Uposomes may be hybridized to 
morethanoneportionoflhemicleicacidtobedetected. The ampUfication provided by 
the multiple hybridizations may make the change detectable for the first time or may 
increase the magnitude of the detectable change. This anq)Ufication increases the 
sensitivity of the assay, allowmg for detection of smaU amounts of nucleic acid. 

If desired, additional layers of nanoparticles can be built up by successive 
additions of thefirstand secondtypes of nanoparticle-oUgonucleotide conjugates. Inlhis 
way, the number of nanoparticles immobiUzed per molecule of target nucleic acid can 
be fiirther increased with a corresponding increase in the intensity of the signal. 

Also, instead of using second and third types of nanoparticl&oUgonucleotide 
conjugates designed to hybridize to each other directly, nanoparticles bearing 
oUgonucleotides that would serve to bring the nanoparticles together as a consequence 
of hybridization with binding oUgonucleotides could be used. 

Methods of making the nanoparticles and the oUgomicleotides and of attaching 
the oUgonucleotides to the nanoparticles are described above. A mixture of 



wo 01/00876 



PCT/USOO/17507 



oligonucleotides fimctionalized at one end for binding to the nanoparticles and with or 
without a hydrophobic group at the other end can be used on the first type of 
nanoparticles. The relative ratio of these oKgonucleotides bound to the average 
nanoparticle will be conhoUed by the ratio of the concentrations of the two 
oligonucleotides in the mixture. The hybridization conditions are weU known in flie art 
and can be readily optimized for the particular system employed (see above). 

An example of this method of detecting nucleic acid is illustrated in Figure 18. 
The hybridization of the first type of nanoparticle-oligonucleotide conjugates to the 
Uposomes may produce a detectable change. In the case of goldnanoparticles, apinkyred 
color may be observed or a puiple/blue color may be observed if the nanoparticles are 
close enough together. The hybridization of the second type of nanoparticle- . 
oligonucleotide conjugates to the first type of nanoparticl©K)ligonucleotide conjugates 
will produce a detectable change. In the case of gold nanoparticles, a puiple/bhie color 
wiU be observed All of these color changes may be observed with the naked eye. 

In yet other embodiments utilizingasubstrate, an "aggregateprobe" can be used. 
The aggregate probe can be prepared by aUowing two types of nanoparticles having 
complementary otigonucleotides (a and a") attached to them to hybridize to form a core 
(ilhistrated m Figure 28A). Since each type of nanoparticle has a pluraUty of 
oKgonucleotides attached to it, each type of nanoparticles will hybridize to aplurality of 
the other type of nanoparticles. Hius, the core is an aggregate containiiig numerous 
nanoparticles of both types. The core is then capped with a third type of nanoparticles 
having at least two types of oligonucleotides attached to them. The first type of 
oUgonucleotides has a sequence b which is complementary to the sequence b* of a 
portion of a nucleic acid to be detected. The second type of oligonucleotides has 
sequence a or a' so that the third type of nanoparticles will hybridize to nanoparticles on 
the exterior of the core. The aggregate probe can also be prepared by utilizing two types 
of nanoparticles (see Figure 28B). Each type of nanoparticles has at least two types of 
oUgonucleotides attached to them. The first type of oligonucleotides present on each of 
the two types of nanoparticles has sequence b which is complementary to the sequence 
b' of a portion of the nucleic acid to be detected. The second type of oUgonucleotides 
on the first type of nanoparticles has a sequence a which is con5)lementary to the 
sequence a' of the second type of oUgonucleotides on the second type of nanoparticles 
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(see Figure 28B) so that the two types of nanoparticles hybridize to each other to fonn 
the aggregate probe. Since each type of nanoparticles has apluraUty of oligonucleotides 
attached to it, each type of nanoparticles will hybridize to a phiraUty of the other type of 
nanoparticles to form an aggregate containing numerous nanoparticles of both types. 

The aggregate probe can be utilized to detect nucleic acid in any of the above 
assay formats performed on a substrate, eliminating the need to build up layers of 
individual nanoparticles in order to obtain or enhance a detectable change. To even 
further enhance the detectable change, layers of aggregate probes can be built up by 
using two types of aggregate probes, the first type of aggregate probe having 
oligonucleotides attached to it that are con5)lementary to oUgonucleotides on the other 
type of aggregate probe. In particular, when the aggregate probe is prepared as 
illustrated in Figure 28B. the aggregate probes can hybridize to each other to form the 
multiple layers. Some of the possible assay formats utilizing aggregate probes are 
ilhislratBd in Figures 28C-D. For instance, a type of oligonucleotides comprising 
sequence c is attached to a substrate (see Figure 28C). Sequence c is complementary to 
the sequence c* of a portion of a nucleic acid to be detected. The target nucleic acid is 
added and allowed to hybridize to the oligonucleotides attached to the substrate, after 
which the aggregate probe is added and allowed to hybridize to the portion of the target 
nucleic acid having sequence b*, thereby producing a detectable change. AUematively, 
the target nucleic acid can first be hybridized to the aggregate pix>be in sohition and 
subsequenUy hybridized to the oligonucleotides on the substrate, or the target nucleic 
acid can simultaneously be hybridized to the aggregate probe and the oligonucleotides 
on the substrate. In another embodiment, the target nucleic acid is allowed to react with 
the aggregate probe and another type of nanoparticles in solution (see Figure 28D). 
Some of the oUgonucleotides attached to this additional type of nanoparticles comprise 
sequence c so that they hybridize to sequence c' of the target nucleic acid and some of 
the oUgonucleotides attached to this additional type of nanoparticles conq>rise sequence 
d so that they can subsequently hybridize to oUgonucleotides comprising sequence d' 
which are attached to tiie substrate. 

The core itself can also be used as a probe to detect nucleic acids. One possible 
assay format is Ulustrated in Figure 28E. As iUustrated there, a type of oUgonucleotides 
conq)rising sequence b is attached to a substrate. Sequence b is complementary to the 
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sequence b' of a portion of a nucleic acid to be detected. The target nucleic acid is 
contacted with the substrate and allowed to hybridize to the oUgonucleotides attached to 
thesubstrate.Then,anothertypeofnanoparticlesisadded. Some of the oligonucleotides 
attached to this additional type of nanoparticles comprise sequence c so which is 
complementary to sequence c' of the target nucleic acid so fliat the nanoparticles 
hybridize to the target nucleic acid bound to the substrate. Some of the oligonucleotides 
attached to the additional type of nanoparticles comprise sequence a or a' complementary 
to sequences a and a' on the core probe, and the core probe is added and allowed to 
hybridize to the oligonucleotides on the nanoparticles. Since each core probe has 
sequences a and a' attached to the nanoparticles which comprise the core, the core probes 
can hybridize to each other to form multiple layers attached to the substrate, providing 
a greatly enhanced detectable change, hi alternative embodiments, the target nucleic 
acid could be contacted with the additional type of nanoparticles in sohiiion prior to 
being contacted with the substrate, or the target nucleic acid, the nanoparticles and the 
substrate could all be contacted sunultaneously . In yet another altemative embodhnent, 
the additional type of nanoparticles could be replaced by a linking oligonucleotide 
coniprising bo& sequences c and a or a*. 

When a substrate is employed, a plurality of the initial types of nanoparticle- 
oUgonucleotide conjugates or oUgonucleotides can be attached to the substrate m an 
amiy for detecting multiple portions of a target nucleic acid. fi)r detecting multiple 
different nucleic acids, or both. For instance, a substrate may be provided with rows of 
spots, each spot containing a diJBFerent type of oligonucleotide or oUgonucleotide- 
nanoparticle conjugate designed to buid to a portion of a target nucleic acid. A sanq)le 
contamiiig one or more nucleic acids is q>plied to each spot, and the rest of the assay is 
performed in one of the ways described above using appropriate oUgonucleotide- 
nanoparticle conjugates, oligonucleotide-liposome conjugates, aggregate probes, core 
probes, and binding oligonucleotides. 

Finally, when a substrate is employed, a detectable change can be produced or 
further enhanced by silver staining. Silver staining can be employed with any type of 
nanoparticles that catalyze the reduction of silver. Preferred are nanoparticles made of 
noble metals {e.g., gold and silver). See Bassell, et al., J. Cell Biol, 126, 863-876 
(1994); Braun-Howland et aL, Biotechniques, 13, 928-931 (1992). If the nanoparticles 
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being employed for the detection of a nucleic add do not catalyze the reduction of silver, 
then silver ions can be complexed to the nucleic acid to catalyze the reduction. See 
BIaunetaI.,^a/u^e, 391, 775 (1998). Also, silver stains are known which can react with 
the phosphate groiqis on nucleic acids. 

Silver staining can be used to produce or enhance a detectable change in any 
assay perfonned on a substrate, including those described above. In particular, silver 
staining has been found to provide a huge increase in sensitivity for assays employing 
a single type of nanoparticle, such as the one illustrated in Figure 25 A, so tiiat the use of 
layers of nanoparticles, aggregate probes and core probes can often be eliminated. 

In assays for detecting nucleic acids perfonned on a substrate, the detectable 
change can be observed with an optical scanner. Suitable scanners include those used 
to scan documents into a cotnputer which arc capable of operating in the reflective mode 
(e.g.. a flatbed scanner), other devices capable of performing this function or which 
utilize the same type of optics, any type of greyscale-sensitive measuiement device, and 
standard scanners which have been modified to scan substrates according to the 
invention (e.g., a flatbed scanner modified to include a holder for the substrate) (to date, 
it has not been found possiT)le to use scanners operating in the tranamissive mode). Tbe 
resolution ofthe scanner must be sufBdent so that the reaction area on tiie substrate is 
hnger than a single pixel of the scanner. The scanner can be used with any substrate, 
provided the detectable change produced by the assay can be observed against the 
substrate (eg;, a grey spot, such as that produced by silver staining, can be observed 
against a white background, but cannot be observed against a grey background) . The 
scanner may be a black-and-white scanner or, preferably, a color scanner. Most 
preferably, the scanner is a standard color scanner ofthe type used to scan documents 
into computers. Such scanners are inexpensive and readily available commercially. For 
instance, an Epson Expression 636 (600 x 600 dpi), a UMAX Astra 1200 (300 x 300 
dpi), or a Microtec 1600 (1600 x 1600 dpi) can be used. The scanner is linked to a 
computer loaded with software for processing the images obtained from scanning the 
substrate. The software can be standard software which is readily available 
commercially, such as Adobe Photoshop 5.1 and Corel Photopaint 8.0. Using the 
software to calculate greyscale measurements provides a means of quantitating the 
results ofthe assays. The software can alsopiovideacolornumberfor colored spots and 
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can generate images (eg., printouts) of the scans which can be reviewed to provide a 
quaUtative detennination of the presence of anucleic acid, the quantity of a nucleic acid, 
or both. AJso, it has been found that the sensitivity of assays such as that described in 
ExampleScan be improved by subtracting the color thatrepr«sentsanegativer«sult(Ted 
in Example 5) from the color that represents a positive result (bhxe in Example 5). The 
computer can be a standard personal conq>uter which is readily available commerciaUy. 
Thus, the use of a standard scanner linked to a standard computer loaded with standard 
software can provide aconvenient, easy, ine;q)eiisive means of detecting and quantitating 
nucleic acids when the assays are perfonned on substrates. The scans and calculations 
can also be stored inthe computer to maintainarecord of the results for further reference 
and use. 

A nanoparticle-oligonncleotide conjugate which may be used in an assay for any 
nucldcacidisillustratedinFiguteslTD-E This "universal probe" has oligonucleotides 
of a single sequence attached to it These oligonucleotides can hybridize with abinding 
oKgomicleotidewhichhasasequenceconiprisingatleasttwoportions. The firstportion 
is complementaiy to at least a portion of the sequence of the oUgonncleotides on the 
nanoparticles. The second portioa is complementary to a portion of the sequence of the 
nucleic acid to be detected. A plurality ofbmding oligonucleotides having the same first 
portion and different second portions can be used, in which case the "universal probe", 
after hybridization to the binding oligonucleotides, can bind to multiple portions of the 
nucleic acid to be detected or to different nucleic acid targets. 

In a number of other embodiments of the invention, flie detectable change is 
created by labeling the oUgonucIeotides, the nanoparticles, or both with molecules (eg., 
fluorescent molecules and dyes) that produce detectable changes upon hydridization of 
the OUgonucIeotides on the nanoparticles wifli Ihe target nucleic acid. For instance, 
oligonucleotides attached to metal and semiconductor nanoparticles can have a 
fluorescent molecule attached to the end not attached to the nanoparticles. Metal and 
semiconductor nanoparticles are known fluorescence quenchers, with the magnitude of 
the quenching effect dependmg on the distance between the nanoparticles and the 
fluorescent molecule. In the unhybiidized state, the oligonucleotides attached to the 
nanoparticles interact with tile nanoparticles, so tiiat significant quenching will be 
observed. See Figure 20A. Upon hybridization to a target nucleic acid, flie fluorescent 
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molecule wiU become spacedaway ftomthenanoparticles, diminishing quenching of the 
fluorescence. See Figure 20A. Longer oligonucleotides should give rise to larger 
changes in fluorescence, at least untU the fluorescent gn>iq>s are moved far enough away 
ftom the nanoparticle surfaces so that an increase in the change is no longer observed 
Useful lengths of the oligonucleotides can be determined empiricaUy. Metallic and 
semiconductor nanoparticleshavingfluorescent-labeledoligonucleotides attached thereto 
can be used in any of the assay formats described above, including those perfonned in 
solution or on substrates. 

Methods of labeling oUgonucleotides with fluorescent molecules and measuring 
fluorescence are well known in the ait Suitable fluorescent molecules are also well 
known in the art and include the fluoresceins, ihodamines and Texas Red. The 
oligonucleotides will be attached to the nanoparticles as described above. 

In yet another embodiment, two types of fluorescent-labeled oligonucleotides 
attached to two different particles can be used. Suitable particles inchide polymeric 
particles (such as polystyrene particles, polyvinyl particles, acrykte and methacrylate 
particles), glass particles, latex particles, Sephaiose beads and others like particles weU 
knownintheart MethodsofattacWngoligonucleotidestosuchparticlesarewellknown 
in flie art See Chrisey et al., Nucleic Acids Resaxrch, 24, 3031-3039 (1996) (glass) and 
Chaneyrc et al., Langmuir, 13, 3 103-31 10 (1997), Fahy et al.. Nucleic Acids Research, 
21, 1819-1826 (1993), Blaissari et al., J. Colloid Interface Sci., 202, 251-260 (1998), 
Kolarova et al., Biotechniques, 20, 196-198 (1996) and Wolf et al.. Nucleic Acids 
Research, 15, 2911-2926 (1987) (polymer/latex). In particular, a wide variety of 
functional groiqis areavailableon the particles orcan be incorporated into such particles. 
Functional groiq)s include carboxyUc acids, aldehydes, amino groups, cyano groups, 
ethylene groups, hydroxyl groiq)s, mercapto groups, and the like. Nanoparticles, 
including metallic and semiconductor nanoparticles, can also be used. 

The two fluorophores are designated d and a for donor and acceptor. A variety 
of fluorescent molecules useful in such combinations are weU known in the art and arc 
available from, e.^.. Molecular Probes. An attractive combination is fluorescein as the 
donor and Texas Red as acceptor. The two types of nanoparticle-oUgomicleotide 
conjugates withdandaattachedarcmixed with the taigetnucldc acid, and fhioiBscenc^ 
measured in a fluorimeter. The mixture will be excited with Ught of the wavelengtfi that 
excites d, and the mixture wiU be monitored fijr fluorescence from a. Upon 
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hybridization, d and a wiD be brought in proximity (see Figure 20B). lii the case of non- 
metaUic, non-semiconductor particles, hybridization wiU be shown by a shift in 
fluorescence from that for d to that for a or by the appearance of fluorescence for a in 
addition to that for d. In the absence of hybridization, the flurophores wiU be too fer 
apart for energy transfer to be significant, and only the fluorescence of d wiU be 
observed In the case ofmetaUic and semiconductor nanoparticles, lackofhybridization 
will be shown by a lack of fluorescence due to d or a because of quenchmg (see above). 
Hybridization will be shown by an increase in fluorescence due to a. 

As will be appreciated, the above described particles and nanoparticles having 
oligonucleotides labeled with acceptor and donor fluorescent molecules attached can be 
used in tiie assay formats described above, inchiding those perfonned in sohition and on 
substrates. For sohition fimnats, oligonucleotide sequences aiepieferablychosenso 
that tiiey bmd to the target nucleic acid as iUusttated in Figures 15A-G. In tiie formats 
shown in Figure 13A-B and 18, the binding oligonucleotides may be used to bring the 
acceptor and donor fluorescent molecules on the two nanoparticles in proximity. Also, 
in tiie format iUustanted in Figure 13A, tiie oUgonucleotides attached Ihe substiate may 
be labeled witiid. Further, oflier labels besides fluorescent molecules can be used, such 
as chemiluminescent molecules, which will give a detectable signal or a change in 
detectable signal upon hybridization. 

Anotfier embodiment of tiie detection mefliod of the invention is a very sensitive 
system tiiat utilizes detection of changes in fluorescence and color (illustrated in Figure 
21). Hus system employs latex microspheres to which are attached oUgonucleotides 
labeled with a fluorescent molecule and gold nanoparticles to which are attached 
oUgonucleotides. The oUgonucleotide-nanoparticle conjugates can be prepared as 
described above. Methods of attaching oUgonucleotides to latex microspheres are weU 
known (see, e.g., Charreyre et al., Langmuir, 13:3 103-3 1 10 (1997); Elaissari et al., J. 
ColloidlnterfaceSci., 202:251-260 (1998)), asaremefliods of labeUng oUgonucleotides 
with fluorescent molecules (see above). The oUgonucleotides on tiie latex microspheres 
and tiieoUgonucleotidesontiiegoldnanpparticleshave sequences capable ofhyhridizmg 
witii different portions of tiie sequence of a target nucleic acid, but not with each otiier. 
When a target nucleic add comprising sequences complementary to tiie sequences of flie 
oUgonucleotides on tiie latex microspheres and gold nanoparticles is contacted wifli flie 
two probes, a netwoik structure is fonned (see Figure 21). Due to flie quenching 
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properties of flie gold nanoparticles, the fluorescence of the oligonucleotides attached to 
the latex microspheres is quenched while part of this network. Indeed, one gold 
nanoparticle can quench many fluotophore molecules since gold nanoparticles have very 
large absorption coefBcients. Thus, the fluorescence of a solution containing nucleic 
acid and the two particles can be monitored to detect the results, with a reduction in, or 
elimination of, fluorescence indicating a positive result Preferably, however, tiie results 
of the assay are detected by placing a droplet of the solution onto a microporous material 
(see Figure 21). The microporous material should be bansparent or a color (e.g., white) 
which allows for detection of die pink/red color of the gold nanoparticles. The 
microporous material should also have a pore size sufBciently large to allow the gold 
nanoparticles to pass through the pores and sufficiently smaU to retain the latex 
microspheres on die surface of the microporous material whenthe microporous material 
is washed. Thus, when using such a microporous material, the size (diameter) of the 
latexmicrospheresmustbelargerthanthesize(diaineter)ofthegoldnanoparticles. The 
microporousmaterialmustalsobeinerttobiologicalmedia. Many suitable microporous 
materials are known in the art and inchide various filters and membranes, such as 
modified polyvinylidene fluoride (PVDF, such as Duiapore™ membrane filters, 
purchased fimn Millipore Corp.) and pure cellulose acetate (such as AcetatePhis™ 
membrane filterspurchasedflomMicronSepanitionsIhc.). Such a microporous material 
retains the netwo± composed of target nucleic acid and the two probes, and a positive 
result (presence of the target nucleic acid) is evidenced by a nd/pink color (due to the 
presence of the gold nanoparticles) and a lack of fluorescence (due to quenching of 
fluorescence by die gold nanoparticles) (see Figure 21). A negative result (no target 
nucleic acid present) is evidenced by a white color and fluorescence, because the gold 
nanoparticles would pass tiirough the pores of the microporous material when it is 
washed (so no quenching of tfie fluorescence would occur), and the white latex 
microspheres would be trapped on top of it (see Figure 21). In addition, in the case of 
a positive result, changes in fluorescence and color can be observed as a function of 
temperature. For instance, as tiie temperature is raised, fluorescence will be observed 
once die dehybridization temperature has been reached. Therefore, by looking at color 
or fluorescence as a function of temperature, information can be obtained about the 
degree of complementarity between the oUgonncleotide probes and the target nucleic 
acid. As noted above, this detection method exhibits high sensitivity. AsKttleas3 
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femtomoles of single-stranded target nucleic acid 24 bases in length and 20 femtomoles 
of double-stranded target nucleic acid 24 bases in length have been delected with the 
naked eye. The method is also very simple to use. Fhiorescence can be generated by 
simply illmninating tiie solution or microporous material with a UV lanqj, and tiie 
fluorescent and colorimetric signals can be monitored by Ae naked eye. Alternatively, 
for a more quantitative result, a fluorimeter can be employed in fiont-fece mode to 
measure the fluorescence of the solution with a short pathlength. 

The above embodiment has been described witii particular reference to latex 
microspheres and gold nanoparticles. Any other microsphere ornanoparticle, having the 
other properties described above and to which oligonucleotides can be attached, can be 
used in place of these particles. Many suitable particles and nanoparticles are described 
above, along with techniques for attaching oligonucleotides to them. In addition, 
microspheres and nanoparticles having other measurable properties may be used. For 
instance, polymer-modified particles and nanoparticles, where the polymer can be 
modified to have any desirable property, such as fluorescence, color, or electrochemical 
activity, can be used. See, Watson et al., J. Am. Chenu Soc., Ill, 462A63 (1999) 
(polymer-modified goldnanoparticles). Also, magnetic, polymer-coated magnetic, and 
semiconducting particles can be used. See Chan et aL, Science, 281, 2016 (1998); 
Bruchez et al.. Science, 281, 2013 (1998); Kolarova et aL, Biotechniques, 20. 196-198 
(1996). 

In yet anotiier embodiment, two probes comprising metaUic or semiconductor 
nanoparticles having oligonucleotides labeled with fluorescent molecules attached to 
them are employed (illustrated in Figure 22). The oUgonucleotide-nanoparticle 
conjugates can be prepared and labeled wifli fluorescent molecules as described above. 
The oligonucleotides on the two types of oUgonucleotide-nanoparticle conjugates have 
sequences capable of hybridizing with different portions of the sequence of a target 
nucleic acid, but not with each other. When a target nucleic acid comprising sequences 
conqilementary to the sequences of the oligonucleotides onthe nanoparticles is contacted 
with die two probes, a network structure is formed (see Figure 22). Due to the quenching 
properties of the metallic or semiconductor nanoparticles, the fhiorescence of the 
oligonucleotides attached to the nanoparticles is quenched while part of this network. 
Thus, tiie fluorescence of a sohition containing nucleic acid and the two probes can be 
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monitored to detect the results, with a reduction in, or elimination of, fluorescence 
indicating apositive result Preferably, however, the results of the assay are detected by 
placing a droplet of the sohition onto a microporous material (see Figure 22). TTie 

microporous material should haveaporc size sufficiently large to allowthenanoparticles 
to pass through the pores and sufficiently small to retain the network on the surface of 
the microporous material when the microporous material is washed (see Figure 22). 
Many suitable microporous materials are known in the art and include those described 
above. Such a microporous material retains the network composed of target nucleic acid 
and the two probes, and a positive result (presence of the target nucleic acid) is 
evidenced by a lack of fluorescence (due to quenching of fluorescence by the metallic 
or semiconductor nanopartides) (see Figure 22). A native result (no target nucleic 
addpresent) is evidencedby fhiorescence because thenanoparticles would pass through 
the pores of the microporous material when it is washed (so no quenching of the 
fluorescence would occur) (see Figure 22). There is low background fluorescence 
because unbound probes arc washed away ftom the detection area. In addition, in the 
case of a positive result, changes in fluoiescence can be observed as a function of 
tenq)erature. For instance, as the tenqjeiature is raised, fluorescence will be observed 
once the dehybridization ten^erature has been reached. Therefore, by looking at 
fluorescence as a function of temperature, mformation can be obtained about the degree 
of complementarity between the oligonucleotide probes and the target nucleic acid. 
Fluorescence can be generated by simply illuminating the solution or microporous 
material with a UV lamp, and the fluorescent signal can be monitored by the naked eye. 
Alternatively, for a more quantitative result, a fluorimeter can be employed in ftont-fece 
mode to measure the fluorescence of the solution with a short path length. 

In yet oflier embodiments, a "satellite probe" is used (see Figure 24). TTie 
sateUite probe comprises a central particle with one or several physical properties diat 
can be e3q)loited for detection in an assay for nucleic acids (eg., intense color, 
fluorescence quenching ability, magnetism). Suitable particles inchideflwnanoparticles 
and other particles described above. The particle has oUgomicleotides (all having the 
same sequence) attached to it (see Figure 24). Methods of attaching oligonucleotides to 
theparticlesaredescribedabove. These oUgomicleotides con^ris atleastafiistportion 
and a second portion, both of which are complemsoiaTy to portions of the sequence of 
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a target nucleic acid (see Figure 24). The satellite probe also comprises probe 
oUgonucleotides. Each probe oUgonucleotide has at least a first portion and a second 
portion (see Figure 24). The sequence of the first portion of the probe oligonucleotides 
is complementary to the first portion of the sequence of the oligonucleotides immobilized 
on the central particle (see Figure 24). Consequently, when the central particle and the 
probe oligonucleotides are brought into contact, the oUgonucleotides on the particle 
hybridize with tiie probe oUgonucleotides to form the satellite probe (see Figure 24). 
Both the first and second portions of the probe oUgonucleotides are complementary to 
portions of the sequence of the target nucleic acid (see Figure 24). Each probe 
oUgonucleotide is labeled with a reporter molecule (see Figure 24), as further described 
below. The amountofhybridization overlap between theprobe oUgonucleotides andihe 
target aength of the portion hybridized) is as large as, or greater than, the hybridization 
overlap between the probe oUgonucleotides and the oUgonucleotides attached to tiie 
particle(seeFigure 24). Therefore, tenqierahirecycUngresultingindehybridization and 
rehybridization would fevor moving the probe oUgonucleotides fiom the central particle 
to the target Then, the particles are separated &om the probe oUgonucleotides 
hybridized to tiie target, and flie reporter molecule is detected. 

The sateUite probe can be used in a variety of detection strategies. For example, 
if the central particle has a magnetic core and is covered with a material capable of 
quenching the fluorescence of fluorophores attached to the probe oUgonucleotides tiiat 
surround it; this system can be used in an in jiYw fluoromehic detection scheme for 
nucleic acids. FunctionaUzed polymer-<5oated magnetic particles (Fe^O^) are avaUable 
firom several conunercial sources including Dynal (Dynabeads™) and Bangs 
Laboratories (Estapor™), and siUca-coated magnetic Fe304 nanoparticles could be 
modified (Liu et al., Chem. Mater., 10, 3936-3940 (1998))using weU-developed siUca 
surface chemistry (Chrisey et al.. Nucleic Adds Research, 24, 303 1-3039 (1996)) and 
employed as magnetic probes as welL Further, the dye molecule, 4.((4. 
(dimetfiylamino)phenyl>azo)benzoicacid(DABCYL)hasbeenshown to be an efficient 
quencher of fluorescence fac a wide variety of fluorphores attached to oUgonucleotides 
CIVagi et aL, Nature Biotech., 16, 49-53 (1998). The commerciaUy-available 
succinimidylesterofDABCYL(MolecularProbes)forms extremely stableamideb^ 
uponreactionwithprimaryalkylaminogroups. Thus, any magneticparticleorpolymer- 
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coated magaetic particle wifli primary alkyl amino groiqw could be modified with both 
oUgomicleotides, as weU as these quencher molecules. Alternatively, the DABCYL 
quencher could be attached directly to the suifece-bound oligonucleotide, instead of the 
alkyl aminc>-modifiedsurface.Thesatemteprobe comprising theprobeohgonuclw^ 
is brought into contact with the target The temperature is cycled so as to cause 
dehybridization and rehybridization, which causes the probe oligonucleotides to move 
from the central particle to the target Detection is accompUshedby applying a magnetic 
field and removing the particles from solution and measuring the fluorescence of flie 
probe oligonucleotides remaining in solution hybridized to the target 

This q)proach can be extended to a colorimetric assay by using magnetic 
particles with a dye coating in conjunction with probe oligonucleotides labeled with a 
dye which has optical properties that are distmct from the dye on the magnetic 
nanoparticles or perturij those of the dye on the magnetic nanoparticles. When the 
particles and the probe oligonucleotides are in sofaition together, tiie solution will exhibit 
one color which derives fiom a combination of tiie two dyes. However, in tiie presence 
of a target nucleic acid and witii temperature cycling, the probe oUgonucleotides wiU 
move fiom the satelUte probe to the target Once this has happened, qiplication of a 
magnetic field will remove flie magnetic, dyt^ted particles fiom sohition leaving 
behind probe oUgomicleotides labeled wifli a single dye hybridized to the target The 

system can befoUowedwifliacolorimeterortiienakBd eye. depending upon target levels 
and color intensities. 

This approach also can be further extended to an electiochemical assay by using 
an oligonucleotide^nagnetic particle conjugate in conjunction witii a probe 
oHgonucIeotide having attached aredox-active molecule. Any modifiable redox-active 
species can be used, such as the weU-studied redox-active ferrocene derivative. A 
ferrocene derivatizedphosphoramidite can be attached tooligonucleotidesdirectlyusing 
standard phosphoramidite chemistry. Mucic et al., Chem. Commun., 555 (1996); 
Eckstein, ed, in Oligonucleotides and Analogues, Isted., Oxford University, New York, 
NY (1991). The ferrocenylphosphoramidite is prepared in a two-step synthesis fiom 6- 
bromohexylfenrocene. In a typical preparation, 6-bromohexylfenocene is stined in an 
aqueous HMPA solution at 120-C for 6 hours to fiom 6-hydroxyhexylfenocene, After 
purification, tiie 6-hydroxyhexylferTocene is added to a THF sohition of N,N- 
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diisopiopyletiiylamme and beta-cyanoethyl-NJ^- diisopropylchlorophosphoramide to 
fonn the fenocenylphosphoramidite. Oligomicleotide-modified polymer-coated gold 



could also be utilized. Watson et al., J. Am. Chem. Soc, 121, 462-463 (1999). A 
copolymer of amino reactive sites (e.g., anhydrides) could be incoiporated into the 
polymer for reaction with amino-modified oligonucleotides. MoUer et aL, Bioconjugate 
Chem., 6, 174-178 (1995). In the presence of target and with temperature cycling, the 
redox-active probe oligonucleotides wiU move from flie sateUite probe to the target 
Once this has happened, appUcation of the magnetic field will remove the magnetic 
particles from sohition leaving behindtheredox-activepiobeoKgomicIeotides hybridized 
with the target nucleic acid. The amount of target then can be determined by cycUc 
voltammetiy or any elechochemical technique that can interrogate the redox-«ctive 
molecule. 

In yet another embodiment of the invention, a nucleic acid is detected by 
contactingthemujleicacidwilhasubstratehavmgoligonucleotidesattachedthereto. The 
oKgonucleotideshaveasequenccconiplementaiytoafirstportionofthesequenceoflhe 
nucleic add. The oUgonucleotides are located between a pan: ofdecbodes located on 
thesubstrate. The substrate must be made of a material which is not a conductor of 
electricity (e.^., glass, quartz, polymers, plastics). The electrodes may be made of any 
standard material i&g. , metab, such as gold, platinum, tin oxide). The electrodes can be 
febricated by conventional microfebrication techniques. See, e.g.. Introduction To 
Microlithogrephy (L.F. Thompson et al.., eds. ACS, Washington, D.C. 1983). The 
substrate may have a plurahty of pairs of electrodes located on it in an array to allow for 
the detection of multiple portions of a single nucleic acid, the detection of multiple 
different nucleic acids, or both. Arrays of electrodes can be purchased (e.g.. from 
Abbtech Scientific, Inc., Richmond, Virginia) or can be made by conventional 
microfabrication techniques. See, e.g.. Introduction To Micrvlithognphy (LJ. 
Thompson et al... eds. ACS. Washington, D.C. 1983). Suitable photomasks for makmg . 
the arrays can be purchase (e.g., from Photronics, Milpitas, CA). Each of the pairs of 
electrodes in the array wiU have a type of oUgonucleotides attached to the substrate 
between the two electrodes. The contacting takes place under conditions efifective to 
allow hybridization of the oligonucleotides on the substrate with the nucleic acid. Then, 
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the micleic acid bomd to the substrate, is contacted with a type of nanoparticles. The 
nanoparticles must be cq)able of conducting electricity. Suitable materials for making 
conductive nanoparticles are know. Conductive nanoparticles include those made of 
metal, such as gold nanoparticles, and semiconductor materials. The nanoparticles wiU 
have one or more types of oUgonucleotides attached to them, at least one of the types of 
oUgonucleotides having a sequence complementary to a second portion of the sequence 
of the nucleic acid. The contacting takes place under conditions effective to aUow 
hybridization of the oUgonucleotides on the nanoparticles with the nucleic acid. If the 
nucleic acid is present, the circuit between the electrodes should be closed because of the 
attachment of the nanoparticles to the substrate between the electrodes, and a change in 
conductivity wiD be detected. If the binding of a single type of nanoparticles does not 
result in closure of die circuit, this situation can be remedied by using a closer spacing 
between the electrodes, using larger nanoparticles, or en^jloying another material that 
will close the drcuit (but only if the nanoparticles have been bound to the substrate 
between the electrodes). For instance, when gold nanoparticles are used, the substrate 
can be contacted with silver stain (as described above) to deposit sUver between the 
electrodes to close the cucuit and produce flie detectable change m conductivity. 
Another way to close the circuit in the case where the addition of a single type of 
nanoparticles is not sufficient, is to contact the first type of nanoparticles bound to the 
substrate with a second type of nanoparticles having oligonucleotides attached to them 
that have a sequence complementary to the oligonucleotides on the first type of 
nanoparticles. The contactmg will take place under conditions effective so tiiat the 
oUgonucleotides on the second type of nanoparticle hybridize to those on the first type 
of oligonucleotides. If needed, or desired, additional layere of nanoparticles can be built 
up by alternately adding the first and second types of nanoparticles until a sufBcient 
number of nanoparticles are attached to the substrate to close the circuit Another 
alternative to building up individual layers of nanoparticles would be the use of an 
aggregate probe (see above). 

The invention also provides kits for detecting nucleic acids. In one embodiment, 
the kit comprises at least one container, the container holding at least two types of 
nanoparticles havingoUgonucleotidesattachedthereto.TheoUgonucleotidesonthefirst 
type of nanoparticles have a sequence complementary to the sequence of a first portion 
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of a nucleic acid The oUgonucleotides on the second type of nanoparticles have a 
sequence conq>lementaiy to the sequence of a second portion of the nucleic acid. The 
container niay further comprise fOleroUgonudeotideshavingasequenceconq)^ 
to a third portion of the nucleic acid, the third portion being located between the first and 
secondportions. The filler oUgonucleotide may also be provided in a separate container. 

In a second embodiment, the kit comprises at least two containers. The first 
container holds nanoparticles having oligonucleotides attached thereto which have a 
sequence complementary to the sequence of a first portion of a nucleic add. The second 
container holds nanoparticles having oUgonucleotides attached thereto which have a 
sequence complementary to the sequence of a second portion of the nucleic add. Hie 
kit may further comprise a third conlamer holdmg a filler oligonucleotide having a 
sequence complementary to a third portion of the nucldc add, the third portion being 
located between the first and second portions. 

In another alternative embodiment, the kits can have the oUgonucleotides and 
nanoparticles in separate containers, and the oUgonucleotides would have to be attached 
to the nanoparticles prior to perfimmng an assay to detect a nucldc acid. Hie 
oUgonucleotides and/or the nanoparticles may be fimctionaUzed so that the 
oUgonucleotides canbe attached to1henanoparticles.AllBmatively,theoUgonucl^^ 
and/or nanoparticles may be providedmthe kit without functional groups, in which case 
fliey must be functionalized prior to performing the assay. 

In another embodiment, the kit comprises at least one container. The container 
holds metaUic or semiconductor nanoparticles having oUgonucleotides attached thereto. 
The oUgonucleotides have a sequence complementaiy to a portion of a nucleic acid and 
have fluorescent molecules attached to the ends of the oUgonucleotides not attached to 
tile nanoparticles. 

In yet another embodiment, the kit comprises a substrate, the substrate having 
attached thereto nanoparticles. The nanopartides have oUgonucleotides attached thereto 
which have a sequence con^ilementary to the sequence of a first portion of a nucldc 
acid. The kit also inchides a first container holding nanoparticles having 
oUgonucleotides attachedlherelowhichhaveasequence complementary to thesequence 
of a second portion of the nucldc acid. The oUgonucleotides may have tiie same or 
difiFerent sequences, but each of flie oUgonucleotides has a sequence complementary to 
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a portion of flie nucleic acid The kit further includes a second container holding a 
binding oUgonucleotide having a selected sequence having at least two portions, the first 
portionbeingconqslementary to at least a portion of the sequence of the oligonucleotides 
on the nanoparticles in the first container. The kit also includes a third container holding 
nanoparticles having oUgonucleotides attached thereto, the oUgonucleotides having a 
sequence complementary to the sequence of a second portion of the binding 
oligonucleotide. 

In another embodiment, the kit comprises a substrate having oligonucleotides 
attached thereto which have a sequence complementary to the sequence of a first portion 
of a nucleic acid. The kit also includes a first container holding nanoparticles having 
oUgonucleotides attached thereto whichhaveasequence complementary to the sequence 
of a second portion of the nucleic add. The oligonucleotides may have the same or 
different sequences, but each of the oUgonucleotides has a sequence complementary to 
a portion of the nucleic acid. The kit further mchides a second container holdiiig 
nanoparticles having oUgonucleotides attached thereto which have a sequence 
complementary to at least aportion of the oUgonucleotides attached to the nanoparticles 
in the first container. 

In yet another embodiment, the kits can have the substrate, oUgonucleotides and 
nanoparticles in separate containers. The substrate, oUgonucleotides, and nanoparticles 
would have to be appropriately attached to each other prior to performing an assay to 
detect a nucleic acid. The substrate, oUgonucleotides and/or the nanoparticles may be 
functionaUzedto expedite this attachment Alternatively, the substrate, oUgonucleotides 
and/ or nanoparticles may be provided in Hbe kit without functional groups, in which case 
they must be fimctionalized prior to performing the assay. 

In a further embodiment, the kit comprises a substrate having oUgonucleotides 
attached thereto which have a sequence conqilementaiy to the sequence of a first portion 
of a nucleic acid. The kit also includes a first container holding Uposomes having 
oUgonucleotides attached thereto whichhaveasequence complementary to the sequence 
of a second portion of the nucleic acid and a second container holding nanoparticles 
having at least a first type of oUgonucleotides attached thereto, the first type of 
oUgonucleotides having a cholesteryl group attached to the end not attached to the 
nanoparticles so that the nanoparticles can attach to the Uposomes by hydrophobic 
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interactions. The kit may further comprise a third container holding a second type of 
nanoparticles having oligonucleotides attached thereto, the oligonucleotides having a 
sequence complementary to at least a portion of the sequence of a second type of 
oligonucleotides attached to the first type of nanoparticles. The second type of 
oligonucleotides attached to the first type of nanoparticles having a sequence 
complementary to the sequence of the oUgonocleotides on the second type of 
nanoparticles. 

In another embodiment, the kit may comprise a substrate having nanoparticles 

attached to it The nanoparticles have oligonucleotides attached to them which have a 

sequence complementary to the sequence of a firstportion of anucleic add. The kit also 

includes a first container holding an aggregate probe. The aggregated probe conq>rises 

at least two types of nanoparticles having oUgonucleotides attached to them. The 

nanoparticles of the aggregate probe are bound to each other as a result of the 

hybridization of some of the oligonucleotides attached to each of them. At least one of 

the types of nanoparticles of the aggregate probe has oligonucleotides attached to it 

whichhaveasequenceconq)lementarytoasecondportionofthe sequence of the nucleic 
acid. 

In yet another embodiment, the kit may con^irise a substrate having 
oUgonucleotides attached to it The oligonucleotides have a sequence complementary 
to the sequence of a first portion of a nucleic acid. The kit fiffttier inchades a first 
containerholdinganaggregateprobe. The aggregate probe con^rises at least two types 
of nanoparticles having oUgonucleotides attached to them. The nanoparticles of the 
aggregate probe are bound to each other as a result of the hybridization of some of the 
oUgonucleotides attached to each of them. At least one of the types of nanoparticles of 
the aggregate probe has oUgonucleotides attached thereto which have a sequence 
complementary to a second portion of tiie sequaice of tiie nucleic acid. 

In an additional embodiment, the kit may comprise a substrate having 
oUgonucleotides attached to it and a first container holding an aggregate probe. The 
aggregate probe comprises at least two types of nanoparticles having oUgonucleotides 
attached to them. The nanoparticles of the aggregate probe are bound to each other as 
a result of the hybridization of some of the oUgonucleotides attached to each of them. 
At least one of tiie types of nanoparticles of the aggregate probe has oUgonucleotides 
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attached to it which have a sequence complementary to a first portion of the sequence of 
the nucleic aciA The kit also includes a second container holding nanoparticles. The 
nanoparticles have at least two types ofoUgonucleotides attached to them. Thefirsttype 
of oUgonucleotides has a sequence conqjlementary to a second portion of the sequence 
of the nucleic acid. The second type of oligonucleotides has a sequence complementary 
to at least a portion of the sequence of the oUgonucleotides attached to the substrate. 

In another embodiment, the kit may comprise a substrate which has 
oligonucleotides attached to it The oUgonucleotides have a sequence conq>lementaty 
to the sequence of a first portion of a nucleic acid. The kit also co&qirises a first 
container holding Uposomes having oUgonucleotides attached to them. The 
oUgonucleotides have a sequence complementary to the sequence of a second portion of 
flie nucleic acid. The kit further inchides a second container holding an aggregate probe 
comprising at least two types of nanoparticles bimng oUgonucleotides attached to them. 
The nanoparticles of the aggregate probe are bound to each other as a result of the 
hybridization of some of the oUgonucleotides attached to each of them. At least one of 
the types of nanoparticles of the aggregate probe has oUgonucleotides attached to it 
which have a hydrophobic groups attached to the ends not attached to flie nanoparticles. 

In a further embodiment, the kit may con^rise a first container holding 
nanoparticles having oUgonucleotides attached thereto. The kit also inchides one or 
more additional containers, each container holding a binding oUgonucleotide. Each 
binding oUgonucleotide has a first portion which has a sequence complementary to at 
least a portion of the sequence ofoUgonucleotides on the nanoparticles and a second 
portion which has a sequence conqjlementary to the sequence of a portion of a nucleic 
acid to be detected. The sequences of the second portions of the binding 
oUgonucleotides may be different as long as each sequence is complementary to a 
portion of the sequence of the nucleic acid to be detected. In another embodiment, the 
kit comprises a contamer holding one type of nanoparticles haviiig oUgonucleotides 
attached thereto and one or more types of binding oUgonucleotides. Each of the types 
of binding oUgonucleotides has a sequence comprising at least two portions. The first 
portion is complementary to the sequence of the oUgonucleotides on the nanoparticles, 
whereby flie binding oUgonucleotides are hybridized to tiie oUgonucleotides on tiie 
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nanoparticles in the containers). The second portion is complementary to tiie sequence 
of a portion of Ihe nucleic acid 

In another embodiment, kits may comprise one or two containers holding two 
types of particles. The first type of particles having oUgonucleotides attached thereto 
which have a sequence complementary to the sequence of a first portion of a nucleic 
acid. The oUgonucleotides are labeled with an energy donor on the ends not attached to 
the particles. The second type of particles having oUgonucleotides attached thereto 
which have a sequence complementary to the sequence of a second portion of a nucleic 
acid. The oUgonucleotides are labeled with an energy acceptor on the ends not attached 
to the particles. The energy donors and acceptors may be fluorescent molecules. 

Ihafiirther embodiment, the kit comprisesafirstcontainerholdingalypeoflatejt 
microspheres having oUgonucleotides attached thereto. The oUgonucleotides have a 
sequence complementary to a first portion of the sequence of a nucleic acid and are 
labeled with a fluorescent molecule. Hie kit also comprises a second container holding 
a type of gold nanoparticles having oUgonucleotides attached thereto. These 
oUgonucleotides have a sequence con5)lementary to a secondportion of the sequence of 
the nucleic acid. 

In another embodiment, the kit comprises a first container holding a first type of 
metallic or semiconductor nanoparticles having oUgonucleotides attached thereto. The 
oUgonucleotides have a sequence conq)lementary to a first portion of the sequence of a 
nucleic acid and are labeled with a fluorescent molecule. The kit also comprises a 
second contamer holding a second type of metalUc or semiconductor nanoparticles 
having oUgonucleotides attached thereto. These oUgonucleotides have a sequence 
complementary to a secondportion of the sequence of anucleic acid and are labeled with 
a fluorescent molecule. 

In a further embodiment, the kit conq)rises a container holding a satelUte probe. 
The sateUite probe comprises a particle having attached thereto oUgonucleotides. The 
oUgonucleotides have a first portion and a second portion, both portions having 
sequences complementary to portions of the sequence of a nucleic acid. The sateUite 
probe also conqmses probe oUgonucleotides hybridized to the oUgonucleotides attached 
to the nanoparticles. The probe oUgonucleotides have a first portion and a second 
portion. The first portion has a sequaoce CQnq>lementary to flie sequence of the first 
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portion of the oUgonudeotides attached to the particles, and both portions have 
sequences complemenlaiy to portions of the sequence of the nucleic acid. The probe 
oligonucleotides also have a rqwiter molecule attached to one end 

In another embodiment, the kit may comprise a container holding an aggregate 
probe. The aggregate probe comprises at least two types of nanoparticles having 
oligonucleotides attached to them. The nanoparticles of the aggregate probe are bound 
to each other as a result of the hybridization of some of tiie oligonucleotides attached to 
each of them. At 

least one of the types of nanoparticles of tiie aggregate probe has oKgonucleotides 
attached to it which have a sequence complementary to a portion of the sequence of a 
nucleic acid. 

In an additional embodiment, the kit may comprise a container holding an 
aggregate probe. The aggregate probe comprises at least two types of nanoparticles 
having oKgonucleotides attached to fliem. The nanoparticles of the aggregate probe are 
bound to each other as a result of the hyhridization of some of the oligonucleotides 
attached to each of them. At least one of the types of nanoparticles of the aggregate 

probe has oligonucleotides attachedtoitwhichhaveahydrophobic group attachedtothe 
end not attadied to tiie nanoparticles. 

In yet anotiier embodiment, the invention provides a kit comprising a substrate 
having located thereon at least one pair of electrodes wifli oligonucleotides attached to 
flie substrate between flie electrodes. In a preferred embodiment, tiie suhstmte has a 
plurality of pairs of electiodes attached to it in an airay to allow for tiie detection of 
multiple portions of a smgle nucleic add, tfie detection of multiple diflferent nucleic 
acids, or both. 

The kits may also contain otiier reagents and items useful for detecting nucleic 
acid. The reagents may include PGR reagents, reagents for silver staining, hybridization 
reagents, buffers, etc. Otiier items which may be provided as part of tiie kit include a 
solid surface (for visualizing hybridization) such as a TLC silica plate, microporous 
materials, syringes, pipettes, cuvettes, containers, and a tiiermocycler (jfor controlling 
hybridization and de-hybridization tempenrtures). Reagents for functionalizing tiie 
nucleotides or nanoparticles may also be inchided in the kit 
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The precipitation of aggregated nanoparticles provides a means of separating a 
selected nucleic acid from other nucleic adds. This separation may be used as a step in 
the purification of the nucleic acid. Hybridization conditions are those described above 
for detecting a nucleic acid. If the temperature is below the Tm (the temperature at 
which one-half of an oUgonucleotide is bound to its complementary strand) for the 
bmding of the oUgonucleotides on the nanoparticles to the nucleic acid, then sufBcient 
time is needed for the aggregate to settte. The tenq)erature of hybridization {e.g., as 
measured by Tm) varies with the type of salt (NaQ or MgOj) audits concentration. Salt 
compositions and concentrations are selected to promote hybridization of the 
oUgonucleotides on the nanoparticles to the nucleic acid at convenient working 
tenq)eratures without inducing aggregation of the colloids in the absence of the nucleic 
acid. 

Theinventionalsoprovidesamethodofnanoiahrication. The meAod comprises 
providing at least one type of linldr^g oligonucleotide having a selected sequence. A 
linking oligonucleotideused for nanofebricationmay have any desired sequence andmay 
besingle-strandedordouble-stranded. Itmayalsocontainchemicalmodificationsinthe 
base, sugar, orbackbone sections. The sequences chosen for&e linking oUgonucleotides 
and their lengths and strandedness will contribute to the rigidity or flexibiUty of the 
resulting nanomaterial or nanostructure, or a portion of the nanomaterial or 
nanostracture. The use of a single type of Unking oUgonucleotide, as weU as mixtures 
of two ormore different types of Unking oUgonucleotides, is contemplated. The number 
of diflferent Unking oUgonucleotides used and their lengths wiU contribute to the shapes, 
pore sizes and other stnurtural features ofthe resulting nanomaterials and nanostructures. 

The sequence of a Unking oUgonucleotide wiU have at least a first portion and a 
second portion for binding to oUgonucleotides on nanoparticles. The first, second or 
more binding portions of the Unking oUgonucleotide may have the same or different 
sequences. 

If aU of the bindingportions of a Unking oUgonucleotide have the same sequence, 
only a single type of nanoparticle with oligonucleotides having a complementary 
sequence attached thereto need be used to form a nanomaterial or nanostructure. Ifthe 
two or more bhiding portions of a Unking oUgonucleotide have different sequences, then 
two ormorenanoparticle-oUgonucleotide conjugates must be used. See, eg^.,Figure 17. 
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The oUgonucIeotides on each of the nanoparticles will have a sequence complementary 
to one of the two or more binding portions of the sequence of the linking oUgonixcleotide 
The number, sequence(s) and length(s) of the binding portions and the distance(s), if any, 
between tfaem will contribute to the structural and physical properties of the resulting 
nanomaterials and nanostructures. Of course, if the linking oligonucleotide comprises 
two or more portions, the sequences of the binding portions must be chosen so that they 
are not complementary to each other to avoid having one portion of the linking 
nucleotide bind to another portioa 

The linking ohgonucleotides and nanoparticIe-oUgonucleotide conjugates are 
contacted under conditions effective for hybridization of the oUgomicleotides attached 
to the nanoparticles with the linking oUgonucIeotides so tiiat a desired nanomaterial or 
nanostmcture is formed wherein the nanoparticles are held together by oligonucleotide 
connectors. These hybridization conditions are weU known in the ait and can be 
optimized fijraparticularnanofebrication scheme (see above). Stringent hybridization 
conditions are preferred. 

The invention also provides another method of nanofebrication. Tliis method 
comprises providing at least two types of nanoparticle-oligonucleotide conjugates. The 
oKgonucleotides on the first type of nanoparticleshaveasequence complementary to that 
of the oligonucleotides on the second type of nanoparticles. The oligonucleotides on the 
second type of nanoparticles have a sequence conrplementary to that of the 
oligonucleotides on the first type of nanoparticles. The nanoparticleK)ligonucleotide 
conjugates are contacted under conditions eflRjctive to aUow hybridization of the 
. oligonucleotides on tiie nanoparticles to each other so that a desired nanomaterial or 
nanostrurture is formed wherein the nanoparticles are held together by oUgonucleotide 
connectors. Again, these hybridization conditions are well-known in the art and can be 
optimized for a particular nanofebrication scheme. 

In both nanofebrication metiiods of the invention, the use of nanoparticles having 
one or more different types of oligonucleotides attached thereto is contemplated. The 
number of different oligonucleotides attached to a nanoparticle and tiie lengths and 
sequences of the one or more oUgonucIeotides wfll contribute to the rigidity and 
structural features of flie resulting nanomaterials and nanostructures. 
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Also, the size, shape and chemical composition of the nanoparticles wiU 
contribute to the properties of the resulting nanomaterials and nanostiuctures. These 
properties mclude optical properties, optoelectronic properties, electrochemical 
properties, electronic properties, stability in various solutions, pore and channel size 
variation, abiUty to separate bioactive molecules while acting as a filter, etc. The use of 
mixtures of nanoparticles having different sizes, shapes and/or chemical compositions, 
as well as the use of nanoparticles having uniform sizes, shapes and chemical 
composition, are contemplated. 

In either fabrication method, the nanoparticles in the resulting nanomaterial or 
nanostructure are held together by oUgonucleotide connectors. The sequences, lengths, 
and stiandedness of ihe oligonucleotide connectors, and the number of different 
oUgonucleotide coraiectorspresent win contnTmte to therigidityandstnicturalpiopertie^ 
ofthenanomaterialornanostructarB. If anoligonucleotideconnectorispartiaUy double^ 
stiwided, its rigidity can be increased by tiie use of a fiUer oligonucleotide as described 
above in connection with the method of detecting nucleic acid. The rigidity of a 
completely doublJxrtrandedoUgonucIeotide connector canbe increasedby tbeuse of one 
ormorereinfiMcing oligonucleotides having complementary sequences so that Ihey bind 
tothedouble-strandedoUgonucleotideconnectortofomitrqile-sttBndedofigonucleotidc 
connectors. The use of quadn^le-stianded oligonucleotide connectors based on 
deo^^quanosine or deo^Qrcytidme quartets is also contemplated. 

Several of a variety of systems for organizing nanoparticles based on 
oligonucleotide hybridization are illustrated in the figures. In a simple system (Figure 
1) one set of nanoparticles bears oligonucleotides with a defined sequence and another 
set of nanoparticles bears oHgonucleotides with a complementary sequence. On mixing 
the two sets of nanoparticle-oligonucleotide conjugates under hybridization conditions, 
the two types of particles are linked by double stranded oligomicleotide connectors 
which serve as spacers to position the nanoparticles at selected distances. 

An attractive system for spacing nanoparticles involves the addition of one fiee 
linking oUgonucleotide as iUustrated m Figure 2. The sequence of the linking 
oUgonucleotide will have at least a first portion and a second portion for binding to 
oUgonucleotides on nanoparticles. This system is basically the same as utilized in the 
nucldcaciddetectionmetho^ except that thelengthofthe added linkingoUgonuclTO 
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can be selected to be equal to the combined lengtiis of oUgonucleotides attached to the 
nanoparticles. The related system illustrated in Figure 3 provides a convenient means 
to tailor the distance between nanoparticles without having to change the sets of 
nanopaiticle-oligonucleotide conjugates employed. 

A further elaboration of the scheme for creating defined spaces between 
nanoparticles is illustrated in Figure 4. Li this case a double stranded segment of DNA 
or RNA containing overhanging ends is employed as the Imldng oligonucleotide. 
Hybridization of the single-stranded, overhanging segments of the linking 
oUgonucleotide with the oligonucleotides attached to the nanoparticles aflfoids multiple 
double-stranded oligonucleotide cross-links between the nanoparticles. 

Stiffer nanomaterials and nanostructures, or portions thereof can be generated 
by employing triple-sttanded oligonucleotide connectors between nanoparticles. In 
forming the triple strand, onemay exploit eitherlhepyrimidineipurinerpyrimi^^ 
(Moser, HE. and Dervan. P.B. Science. 238, 645-650 (1987) or the 
puiine.-purinei>yrimidine motif (Pilch, D.S. et al. Biochemistry, 30, 6081-6087 (1991). 
An exampleof the Qrgani2ationof nanoparticles by generating triple-stTM 
by the pyriinidine^nirinerpyrimidine motif are illustrated in Figure 10. In the system 
shown in Figure 10, one set of nanoparticles is conjugated with a defined strand 
containmgpyrimidme nucleotides and the otherset is conjugated with a complementary 
oligonucleotide containing purine nucleotides. Attachment of the oUgonucleotides is 
designedsuchthatlhenanoparticlesareseparatedbythedoubl^stxandedoligonucleotide 
formed on hybridization. Then, a free pyrimidine oligonucleotide with an orientation 
opposite that for the pyrimidine strand Unked to the nanoparticle is added to the system 
prior to, simultaneously with, or just subsequent to mixing the nanoparticles. Since the 
third strand in this system is held by Hoogsteen base pairing, the triple strand is relatively 
unstable thennaUy. Covalent bridges spanning the breadth of the duplex are known to 
stabilize triple-stranded complexes (Salunke, M, Wu, T., Letsinger, RX., J. Am. Chem. 
Soc. 114, 8768-8772, (1992). Letsinger, R.L. and Wu, T. J. Am Chem. Soc, H7, 7323- 
7328 (1995). Prakash, G. andKool. J. Am. Chem. Soc., 114, 3523-3527 (1992). 

For construction of nanomaterials andnanostaictures, itmay be desirable in some 
cases to "lock" the assembly in place by covalent cross-links after formation of the 
nanomaterial ornanostructureby hybridization oftheoUgonucleotidecomponents. This 
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can be accomplished by mcoiporadng fimctional groups fliat undergo a triggered 
irreversible reaction into the oligonucleotides. An example of a functional group for this 
purpose is a stObenedicarhoxamide group. It has been demonstrated that two 
stilbenedicarboxamide groups aligned within hybridized oligonucleotides readily 
undergo cross-linking on irradiation with ultraviolet light (340 nm) (Lewis, F.D. et al. 
(1995) y^m. Chem. Soa 117, 8785-8792). 

Alternatively, one could employ the displacement of a 5'-0-tosyl group from an 
oUgonucleotide, held at the 3*-position to a nanoparticle by a mercaptoalkly group, with 
a thiophosphoryl group at the 3'-end of an oUgonucleotide held to an iianoparticle by a 
mercaptoalkyl group. In the presence of an oUgonucleotide that hybridizes to both 
oUgonucleotides and, thereby, brings the thiophoaphoryl group into proximity of the 
tosyl group, the tosyl group wiU be displaced by the thiophosphoryl group, generating 
an oUgonucleotide Unked at the ends to two diflfeient nanoparticles. For displacement 
reactions of this type, see Herrlein et aL, y. ^fi. CAcw.5ba, 177, 10151-10152(1995). 
The feet that thiophosphoryl oUgonucleotides do not react with gold nanoparticles under 
the conditions employed in attaching mercaptoalkyl-oUgomicleotides to gold 
nanoparticles enables one to prepare gold nanoparticle-oUgonucleotide conjugates 
anchored through the inerc^to group to the nanoparticles and containing a terminal 
tfaiq}hosfphQryl group fiee fyr the coupUng reaction. 

A related coupUng reaction to lock the assembled nanoparticle system in place 
utiUzes disphicement of bromide firan a terminal bromoacetylaminonucleoside by a 
terminal thiqpho!q>horyl-oUgonucleotide as descnT)edinGiyaznovandUtsinger,J.^m^ 
Chem. Soc., 115, 3808. This reaction proceeds much like tiie displacement of tosylate 
described above, except fliat the reaction is faster. Nanoparticles bearing 
oUgonucleotides temunated witfi thiophosphoryl groiq)s are prepared as described above. 
For preparation of nanoparticles bearing oUgonucleotides terminated with 
bromoacetylamino groups, one first prepares an oUgonucleotide terminated at one end 
by an aminonucleoside {e.g., either 5'-amino-5'-deoxythymidine or 3'-amino-3'- 
deoxythymidine) and at the other end by a mercaptoalkyl group. Molecules of flds 
oUgonucleotide are then anchored to the nanoparticles through the merc^to groiqis, and 
the nanoparticle-oUgonucleotide conjugate is flien converted flie N-bromoacetylamino 
derivative by reaction wifli a bromoacetyl acyrlating agent 
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A fourth coupling scheme to lock the assembUes in place utilizes oxidation of 
nanoparticles bearing oligonucleotides terminated by tfaiophosphoiyl groups. MUd 

oxidizing agents, such as potassium triiodide, potassium ferricyanideCseeGiyaznov and 
Lctsinger, Nucleic Acids Research, 21, 1403) or oxygen, are preferred. 

In addition, the properties of the nanomaterials and nanostructures can be altered 
by incorporating into the interconnecting oUgonucleotide chains organic and inorganic 
functions Aat are held in place by covalent attachment to the oligonucleotide chains. A 
wide variety ofbackbone, base and sugar modifications are well known (see for example 
Uhhnann, E., and Peyman, A, Chemical Reviews, 90, 544-584 (1990), Also, die 
oUgonucleotide chains could be replaced by "Peptide Nucleic Acid" chains (PNA), in 
which the nucleotide bases are held by a polypeptide backbone (see Wittung. P. et aL, 
Nature, 368, 561-563 (1994). 

As can be seen from the foregoing, the nanofiihrication method of the invention 
is extremely versatile. By varying the length, sequence and sttandedness of the linking 
oUgonucleotides, the number, length, and sequence of the buiding portions of the linking 
oUgomicleotides, the length, sequence andnumberofihe oligonucleotides attached to the 
nanoparticles, the size, shape and chemical composition of the nanoparticles. tfaenumber 
and types of different linking oligonucleotides and nanoparticles used, and the 
strandedness of the oligonucleotide connectons, nanomaterials and nanostructures having 
a wide range of structures and properties can be prepared. These structures and 
pn^)erties can be varied further by cross-linking of the oligonucleotide connectors, by 
fimctionalizing the oUgonucleotides, by backbone, base or sugar modifications of the 
oUgonucleotides, or by the use of pqitide-nucleic adds. 

The nanomaterials and nanostructares that can be made by the nanofebrication 
method of the invention include nanoscale mechanical devices, separation membranes, 
bio-filters, and Wochips. It is contemplated that the nanomaterials and nanostructures 
of the invention can be used as chemical sensors, in computers, for drag delivery, for 
protein engineering, and as templates forbiosyndiesis/nanostructwe fabrication/directed 
assembly of other structures. See generally Seemanetal.,iVew/. CAem., 17, 739 (1993) 
for other possible applications. The nanomaterials and nanostructures that can be made 
by the nanofebrication method of the mvention also can inchide electronic devices. 
Whether nucleic acids could transport electrons has been flie subject f substantial 
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controversy. As shownmExanq>le21 below, nanoparticles assembled by DNA conduct 
electricity (the DNA connectors function as semiconductors). 

Finally, the invention provides methods of making unique nanoparticle- 
oligonucleotide conjugates. In the first such method, oHgonucleotides are bound to 
charged nanoparticles to produce stable nanoparticle-oUgonucleotide conjugates. 
Charged nanoparticles include nanoparticles made of metal, such as gold nanoparticles. 

nie method conq)rises providing oligonucleotides having covalently bound 
thereto a moiety comprising a functional group which can bind to the nanoparticles. The 
moieties and functional groups are those described above for binding (j.e.. by 
chemisorption or covalent bonding) oUgonucleotides to nanoparticles. For instance, 
oUgonucleotides having an alkanethiol or an alkanedisulfide covalently bound to their 
5- or 3' ends can be used to bind the oHgonucleotides to a variety of nanoparticles, 
including gold nanoparticles. 

The oligonucleotides are contacted with the nanoparticles in water for a time 
sufBcient to allow at least some of the oligonucleotides to bind to the nanoparticles by 
means of the functional grojqjs. Such times can be determined empiricaUy. Forinstance, 
it has been found that a time of about 12-24 hours gives good results. Other suitable 
conditions for binding of the oligonucleotides can also be determmed empirically. For 
instance, a concentration of about 10-20 nM nanoparticles and incubation at room 
temperature gives good results. 

Next, at least one salt is added to flie water to form a salt solution. Thesaltcan 
be any water-sohible salt For instance, the salt may be sodium chloride, magnesium 
chloride, potassium chloride, anmionram chloride, sodram acetate, ammoninm acetate, 
a combination of two or more of these salts, or one of these salts in phosphate buffer. 
Prefisrably, the salt is added as a concentrated solution, but it could be added as a solid. 
The salt can be added to the water all at one time or the salt is added gradually over time. 
By "graduaUy over time" is meant that the salt is added in at least two portions at 
mtervals spaced apart by a period of time. Suitable time mtervals can be determined 
empirically. 

The ionic strength of the salt sohition must be sufficient to overcome at least 
partiaUy the electrostatic repulsion of the oligonucleotides from each other and, either 
the electiBstatic attraction of flie negatively-charged oligonucleotides for positively- 
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Charged nanoparticles, or the electrostatic repulsion of ihe negatively-charged 
oUgonucleotides from negatively-chaiged nanoparticles. CJiadually reducing the 
electrostatic attraction and repulsion by adding the salt gradually over time has been 
found to give the highest sur&ce density of oligonucleotides on the nanoparticles. 
Suitable ionic strengflis can be determined empirically for each salt or combination of 
salts. A final concentration of sodium chloride of fit>m about 0.1 M to about 1.0 M in 
phosphate bufifer, preferably with the concentration of sodium chloride being increased 
gradually over time, has been found to give good results. 

After adding the salt, the oligonucleotides and nanoparticles are incubated in the 
salt solution for an additional period of time sufficient to allow sufBcient additional 
oUgonucleotides to bind to the nanoparticles to produce the stable nanoparticle- 
oligonucleotide conjugates. As will be described in detail below, an increased surfice 
density of the oUgonucleotides on the nanoparticles has been found to stabiUze the 
conjugates. The time of this incubation can be determined empirically. A total 
incubation timeofabout24^8, preferably 40hours, has been fomid to give good results 
(this is the total time of incubation; as noted above, the salt concentration can be 
increased gradually over tins total time). Hiia second period of incubation in the salt 
solution is referred to herein as ttie "aging" step. Other suitable conditions for this 
"aging" step can also be detennined empirically. For instance, incubation at room 
tenq>erature and pH 7.0 gives good results. 

The conjugates produced by use of the "aging" step have been found to be 
considerably mote stable than those produced without the "aging" step. As noted above, 
fliis increased stability is due to the increased density of the oUgonucleotides on the 
surfeces of die nanoparticles which is achieved by flie "aging" step. The surfece density 
achieved by the "aging" step will depend on the size and type of nanoparticles and on the 
lengfli, sequence and concentration of the oUgonucleotides. A surfece density adequate 
to make the nanoparticles stable and tiie conditions necessary to obtain it for a desired 
combination of nanoparticles and oUgonucleotides can be determined empiricaUy. 
Generally, a surface density of at least 10 picomoles/cm^ will be adequate to provide 
stabIenanoparticleK>UgonucIeotide conjugates. Preferably.the surfece density is at least 
15 picomoles/cml Since the abiUty of the oUgonucleotides of tiie conjugates to 
hybridize with nucleic add and oUgonucleotide targets can be diminished if the surfece 
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density is too great, the surfece density is preferably no greater than about 35-40 



As used herein, "stable" means that, for a period of at least six months after the 
conjugates are made, a majority of the oUgonucIeotides remain attached to the 
nanoparticles and the oKgonucleotides are able to hybridize with nucleic acid and 
oUgonucleotide targets under standard conditions encountered in methods of detecting 
nucleic acid and methods of nanofebrication. 

Aside fiom their stability, the nanoparticle-oligonucleotide conjugates made by 
this method exhibit other remarkable properties. See. eg.. Examples 5. 7, and 19 of the 
present appUcatioiL In particular, due to the high surfece density of the conjugates, they 
wiU assemble into large aggregates in the presence of a target nucleic add or 
oligonucleotide. The temperature over which the aggregates form and dissociate has 
unexpectedly been found to be quite narrow, and this unique feature has unportant 
practical consequences. In particuUu:. it mcreases the selectivity and sensitivity of the 
methods of detection of the present invention. A single base mismatch and as litfle as 
20 femtomoles of target can be detected usmg the conjugates. Although these features 
were originally discovered m assays performed in solution, the advantages of the use of 

these conjugates havebeenfoundtoextendtoassaysperfonned on substrates, include 
tfiose in ^ch only a single type of conjugate is used. 

The conjugates can be. and are preferably, used in any of the methods of 
detectingnucldc acids descnT)edabove,andlhemventiQnalsoprovidesakitcompri^^^ 
a container holdmg the conjugates. In addition, the conjugates can be. and are 
preferably, used in any of the methods of nanofebrication of tiie invention and the 
method of separatiag nucleic acids. • 

It is to be noted that the term "a" or "an" entity refers to one or more of that 
entity. For example, "acharacteristic-referstooneormore characteristics or at least one 
characteristic. As such, theterais "a" (or "an"), "one ormore" and "at least one" are used 
interchangeably herein. It is also to be noted tiiat the terms "comprismg", "including", 
and "having" have been used intetdiangeably. 
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EXAMPLES 

Exaiiq)Ie 1: Preparation of OKgomiclentidft-M pdified fiold Man^ .w.vw 



Gold colloids (13 run diameter) were prepared by reduction of HAUCI4 with 
citrate as described in Frens, Nature Phys. ScL . 241. 20 (1973) and CSrabar, Anal. Chem., 
67, 735 (1995). Briefly, all glassware was cleaned in aqua regia (3 parts HCl, 1 part 
HNO3), rinsed with Nanopure HA then oven dried prior to use. HAuCl, and sodium 
citrate were purchasedfromAldrich Chemical Company. Aqueous HAuCl* (1 mM, 500 
mL) was brought to reflux while stirring. Then, 38.8 mM sodium citrate (50 mL) was 
addedquickly. The solution color changed fiompaleyeUow to burgundy, and lefluxing 
was continued for 15 mm. After cooling to room temperature, the red solution was 
filtered through a Micron Separations Inc. 1 micron filter. Au coUoids were 
characterized by UV-vis spectroscopy using a Hewlett Packard 8452A diode array 
spectrophotometer and by Transmission Electron Microscopy (lEM) using a Hitachi 
8100 transmission electron microscope. Gold particles with diameters ofl3 nm wiU 
produce a visible color change when aggregated with target and probe oligonucleotide 
sequences in the 10-35 nucleotide range. 



OUgonucleotides were synthesized on a 1 micromole scale using a Milligene 
E3q)edite DNA synthesizer m smgle cohmm mode using phosphoramidite chemistry. 
Eckstem, F. (ed.) Oligonucleotides and Analogues: A Practical Approach (JKL Press, 
Oxford, 1991). All solutions were purchased fiom Milligene (DNA synthesis grade). 
Average coupling efficiency varied fiom 98 to 99.8%, and the final dimethoxytrityl 
(DMT) protecting group was notcleaved fiom theoUgonucleotides to aid in purification. 

For3'-lhiol-oligonucleotides, Thiol-Modifier C3 S-S CPG support was purchased 
&om Glen Research and used in the automated synthesizer. During normal cleavage 
fiom the solid support (16 hr at 55o Q, 0.05 M dithiolhreitol (UTr) was added to the 
NH4OH solution to reduce the 3' disulfide to the thiol. Before purification by reverae 
phase high pressure liquid chromatogrs^hy (HPLQ, excess DTT was removed by 
extraction with ethyl acetate. 
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For5'-thioloUgonucleotides,5'-lliiol-ModmerC6-phosphorami(UtereagentWM 
purchased bom Glen Research, 44901 Falcon Place, Sterling. Va 20166. The 
oligonucleotidesweresynthesized, and die final DMTprotecting group removed. Then, 
1 ml of diy acetonitrile was added to 100 lunole of the 5' Thiol Modifier Q- 
phosphoramidite. 200 fiL of the amidite sohition and 200 pL of activator (ftesh from 
synthesizer) were mixed and introduced onto the column containing the synthesized 
oUgonucleotides stiU on the soUd support by syringe and pumped back and forth through 
the column for 10 minutes. The support was then washed (2 x 1 mL) with dry 
acetonitrile for 30 seconds. 700 of a 0.016 M I^O^yridine mixture (oxidizer 
solution) was introduced into the column, and was then pumped back and forth through 
the cohmm with two syringes for 30 second The si^jport was then washed with a 1:1 
mixture of CHjCN/pyridine (2 x 1 mL) for 1 minute. foUowed by a final wash wiA dry 
acetonitrile (2 x 1 mL) with subsequent drying of the column with a stream of nitrogen. 
The trityl protecting group was not removed, which aids in purification. 

ReversephaseHPIX:wasperfotmedwifliaIMonexDX500 system equipped with 
a Hewlett Packard ODS hypersil cohmin (4.6 x 200 mm. 5 mm particle size) using 0.03 
M E^Nir OAc- bufifer (TEAA), pH 7. with a 1%/min. gradient of 95»/o C3^CN/5% 
TEAA. TheflowratewaslmL/min.withUVdetectionat260nm. Preparative HPLC 
was used to purify the DMT-protected unmodified oUgonucleotides (ehition at 27 min) . 
After coUection and evaporation of the buffer, the DMT was cleaved from the 

oMgonucleotides by treatment with 80% acetic acid forSOmin at room temperature, lie 
solution was then evaporated to near dryness, water was added, and the cleaved DMT 
was extractedfiomtheaqueous oHgonucleotide sohition using etiiyl acetate. The amount 
of oUgonucleotide was determined by absorbance at 260 nm, and final purity assessed 
by reverse phase HPLC (elution time 14.5 minutes). 

The same protocol was used for purification of the 3'-thiol-oligomicleotides, 
except that DTT was added after extraction of DMT to reduce the amount of disulfide 
formed. After six hours at 40oC, the DTT was extracted using ethyl acetate, and die 
oUgonucleotides repurified by HPLC (ehition time 15 minutes). 

For purification of the 5' thiol modified oUgonucleotides. preparatory HPLC was 
performed under the same conditions as for unmodified oUgomicleotides. After 
purification, the trityl protecting groi^ was removed by adding 150 jiL of a 50 mM 
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AgNO, solution to the dry oUgonucleotide sample. The sample turned a milky white 
colorasthecleavageoccuned. After 20 minutes, 200 jiL of a ID mg/ml sohition of DTT 
was added to complex the Ag (five minute reaction time), and the sample was 
centri&ged to precipitate the yellow complex. Ihe oligonucleotide solution (<50 OD) 
was then ttansfened onto a desalting NAP-5 column (Pharmacia Biotech, Uppsala, 
Sweden) for purification (contains DNA Grade Sephadex G-25 Medimn for desalting 
andbufferexchangeof oligonucleotides greaterthan lObases). Theamountof 5'tinol 
modified oligonucleotide was detennined by UV-vis spectroscopy by measuring die 
magnitude of the absoihance at 260 mn. The final purity was assessed by performing 

ion.exchangeHPLCwithaDionexNucleopacPA-100(4 x 250)cohmmusingal0mM 
NaOH solution (pH 12) with a 2o/a/min gradient of 10 mM NaOH. IM NaQ solution. 
TypicaUy. two peaks resulted with ehition times of qq«oximalely 19 minutes and 25 

niinute8(elutiontimesaredependentonthelengthoftheoligonucleotidestiand). These 
peaks corresponded to the thiol and the disulfide oligonucleotides respectively. 



Attachment Of OliRonucleotides To Gold K^nnj ^nini^ 
Anaqueou8solutionofl7nM(150M-)Aucolloids,prepaiedasdescribedmpart 
Aabove. was mixed with3.75/a^(46/zL)3'-thiol-TTIXKn'GA.prBparedasdcscnl^ 
in part B and allowed to stand for 24 hours at room temperature in 1 ml Eppendorf 
capped viab. A second sohition of colloids was reacted with 3.75 m (46 juL) 3'-thiol- 
TACCGTTG. Note that these oUgonucleotides are noncon^lementary. Shortlybefore 
use.equalamountsofeachofthetwonanoparticlesolution8werecombined Sincethe 
oligonucleotides are noncomplemeotary, no reaction took place. 

The oHgonucleotide-modified nanoparticles are stable at elevated temperatures 
(80°C) and higjh salt concentrations (IM NaQ) for days and have not been observed to 
undergo particle growth. StabiUty in high salt concentrations is important, since such 

conditions are requiredfor the hybridization rt»ctionstbatformflie basis of the methods 
of detection and nano&brication of the invention. 
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Example 2: Foimation O f Nanoparticle Agp repafes 

A. Preparation Of T jnlrinp Oligonucleotide 
Two (nonthiolated) oUgonucleotides were synthesized as described in part B of 
Exan^Ie 1. They had die following sequences: 

3- ATATGCGCGA TCTCAGCAAA [SEQ ID N0:1]; and 

3' GATCGCGCAT ATCAACGGTA [SEQ ID NO:2]. 

MixingofthesetwooUgonucleotidesma 1 MNaCl, lOmM phosphate buffered 
(pH 7.0) solution, resulted in hybridization to form a duplex having a 12-base-pair 
overlap and two 8-base-pair sticky ends. Each of the sticky ends had a sequence which 
was complementary to that of one of the oHgonucleotides attached to the Au colloids 
prepared m part C of Example 1. 

The Unking oUgonucleotides prepared in part A of this example (0.17 fiM final 
concentration after dihation withNaCl) were added to the nanoparticle-oKgonucleotide 
conjugates prepared in part C of Example 1 (5. 1 nM final concentration after dihition 
with NaQ) at room tenqjerature. The sohition was then dihted with aqueous NaCl (to 
a final concentration of 1 M) and buffered at pH 7 with 1 0 mM phosphate, conditions 
wMch are suitable for hybridization oflheoUgnnucleotides. An immediate color change 
fiom red to purple was observed, and a precipitation reaction ensued See Figure 6. 

Over the course of several hours, the solutionbecameclearandapinkish-gray precipitate 
settled to the bottom of the reaction vesseL See Figure 6. 

To verify fliat this process involved both the ohgonucleotides and colloids, the 
precipitate was coUected and resuspended (by shaking) in 1 M aqueous NaCl buffered 
atpH 7. Any of the oKgonucIeotides not hybridized to the nanoparticles are removed in 
this manner. Then, a temperature/time dissociation experiment was performed by 
monitoring die characteristic absorbance for the hybridized oUgodeoxyribouucleotides 
(260 nm) and for the aggregated colloids which is reflective of flie gold inlerparticle 
distance (700 nm). See Figure 7. 

Changes in absorbance at 260 and 700 nm were recorded on a Perkin-Ehner 
I^bda2UV-vis Spectrophotometer usingaPeltierPTP-lTemperatureControlledCeU 
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Holder while cycling the ten^Ksrature at a rate of loaminute between 0"C and 80oC. 
DNA solutions were approximately 1 absoibance unit(s) (OD), buffered at pH 7 using 
10 mM phosphate buffer and at IM NaQ concoitration. 

The results are shown in Figure 8 A. As the temperature was cycled between (fC 
and 80oC (which is 38oC above the dissociation temperature (T J for the duplex (T„=42 
oQ), there was an excellent correktion between the optical signatures for both the 
colloids and oUgonucleotides. Hie UV-vis spectrum for naked Au colloids was much 
less temperature dependent, Figure 8B. 

There was a substantial visible optical change when the polymeric 
oligonucleotide-colloid precipitate was heated above its melting point The clear 
solution turned dark red as Ihe polymeric bionuiterial de-hybridized to generate the 
unlinkedcoUoidswhicharesohibleintheaqueoussohition. The process was reversible, 
as evidenced by tiie tenq)erature traces in Figure 8A. 

In a control experimoit, a 14-T:14-A duplex was shown to be ineffective at 
indudng reversible Au colloid particle aggregation. In another control experiment, a 
linking oligonucleotide duplex, with four base pair mismatches in the sticky ends was 
found not to induce reversible particle aggregation of oligonucleotide-modified 
nanoparticles (prepared as described in part C of Example 1 and reacted as described 
above). In a third control experiment, non-thiolated oUgonucleotides having sequences 
conq>lementary to the stidqr ends of the Unking oUgonucleotide and reacted witii 
nanoparticles did not produce reversible aggregation whai die nanoparticles were 
combined with flie linking oUgonucleotide. 

Further evidence of the polymerization/assembly process came from 
Transmission Electron Microscopy (TEM) studies of the precipitate. TEM was 
performed on a Hitachi 8 100 Transmission Electron Microscope. Atypical sanq)lewas 
prepared by dropping 100 uL of colloid solution onto a holey carbon grid. The grid, 
then, was dried under vacuum and imaged. TEM images of Au colloids linked by 
hybridizedoUgonucleotidesshowedlargeassemblednetworics of the Au colloids. Figure 
9A. NakedAucoUoidsdonotaggregateunderconq)arableconditionsbutratherdiq)eise 
orundergoparticlegrowflirBactions. Hayat,Q)/toiaii/GoW; Principles, Methods, and 
Applications (Academic Press, San Diego, 1991). Note that there is no evidence of 
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coUoid particle growth in the raq)erimcnts perfonned to date; the hybridized coUoids 
seem to be remailcably regular in size wifli an average diameter of 13 mn. 

With TEM, a si^ierposition of layers is obtained, making it difBcult to assess the 
degree of order for three-dimensional aggregates. However, smaUer scale images of 
single layer, two-dimensional aggregates provided more evidence for the self-assembly 
process, Figure 9B. Close-packed assembHes of the aggregates with uniform particle 
separations of approximately 60 A can be seen. This distance is somewhat shorter than 
the estimated 95 A spacing expected for colloids connected by rigid oUgonucleotide 
hybrids with the sequences that were used. However, because of the nicks m the duplex 
obtained after hybridization of the oUgonucleotides on the nanopaiticles to the linking 
oUgonucleotides, these were not rigidhybrids and were quite flexible. It should be noted 
thatthisisavariablethatcanbecontroUed by reducing the systemfiomfour overlapping 
strands to three (thereby reducing the number of nicks) or by using triplexes instead of 
duplexes. 

Examples: greparation of OUeonucleotidft-M odified n«M K«n^ r«,yi>, 

GoldcoUoids(13nmdiameter)wereprq)aredasdescribedinExainplel. Thiol- 
oUgonucleotides[HS(C3H2)60P(0)(0><)Kgomicleotide]wBrca]soprepaie^ 
in Example 1. 

The method of attaching thiol-oHgonucleotides to gold nanoparticles described 
inExanq)le 1 was found not to produce satisfactory results in some cases. In particular, 
when long oUgonucleotides were used, the ohgonucleotideHK)lloid conjugates were not 
stable in the presence of a large excess of high molecular weight sahnon sperm DNA 
used as model for the background DNA that would normally be present in a diagnostic 
system. Longer exposure of the colloids to the thiol-oUgonucleotides produced 
oUgonucleotide-coUoid conjugates that were stable to sahnon spenn DNA, but the 

resulting conjugates failed to hybridize satisfectorily. Further ejqjerimentation led to the 
following procedure for attaching thiol-oligonucleotides of any length to gold colloids 
so that the conjugates are stable to high molecular weight DNA and hybridize 
satisfactorily. 

A 1 mL sohition of the gold coUoids (17nM) m water was mixed with excess 
(3.68 nM) thiol-oUgonucleotide (28 bases in length) in water, and the mixture was 
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allowed to stand for 12-24 hours at room temperature. Then, 100 jiL of a 0.1 M sodium 
hydrogen phosphate buffer, pH 7.0, and 100 jiL of 1.0 M NaCl were premixed and 
added. After 10 minutes, 10 jiL of 1% aqueous NaN, were added, and the mixture was 
aUowed to stand for an additional 40 hours. This "aging" step was designed to increase 
the surfece coverage by the thiol-oligonucleotides and to displace oligonucleotide bases 
from the gold surface. Some\^t cleaner, better defined red spots in subsequent assays 
were obtained if the solution was frozen in a dry-ice bath after the 40-hour incubation 
and then thawed at room temperature. Either way. the solution was next centrifuged at 
14,000 rpm in an Eppendorf Centrifuge 5414 for about 15 minutes to give a very pale 
pink supernatant containing most of the oUgonucleotide (as indicated by the absoibance 
at 260 nm) along with 7- 1 0% of the coUoidal gold (as indicated by the absorbance at 520 
mn). and a compact, dark, gelatinous residue at the bottom of the tube. The supernatant 
was removed, and the residue was resuspended in about 200 \iL of buflRsr (10 mM 
phosphate, 0. 1 M NaQ) and recentrifuged. After removal of the supernatant sohition, 
the residue was taken up in 1.0mLofbuflfer(10mMphosphate, 0.1 MNaCl)and 10^L 
of a 1% aqueous sohition of NaN,. Dissolution was assisted by drawing the solution 
into,andexpellingitftoin.apipetteseveraltimes. Hie resulting red master sohitioa was 
stable (/.e., remained red and did not aggregate) on standing fin- months at room 
tenqjeiature, on spottiiig on siUca thin-layer chromatogrq)hy(TLQplates(see Example 
4), and on addition to 2 M Nad, 10 mM MgClj, or solutions containing high 
concCTliattons of salmon sperm DNA. 

B««mple4: Accelepition Qf Hybridizafaon ofNaiinn«rrir..l e ^U«,nuc1entiH^ 



The oligonucleotide-gold colloid conjugatesIandniUustrated in Figure 11 were 
prepared as described in Example 3. The hybridization of these two conjugates was 
extremely slow. In particular, mixing samples of conjugates I and H in aqueous 0. 1 M 
NaQ or in 10 mM MgCl^ plus 0.1 M NaQ and allowing the mixture to stand at room 
tenqaeratuie for a day produced little or no color change. 

Two ways were found to improve hybridization. First, fester results were 
obtained by freezing the mbcture of conjugates I and H (each 15 nM contamed in a 
solution of 0.1 M NaCl) in a dry ice-isopropyl alcohol bath for 5 minutes and then 
thawingthemixtureatroomtenqKsratuie. The thawed solution exhibited a bhiish color. 
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When 1 nL of the solution was spotted on a standard C-18 TLC silica plate (Alltech 
Associates), a strong bhie color was seen immediately. The hybridization and 
consequent color change caused by the fieeze^ihawing procedure were reversible. On 
heating Ihehyhridizedsohition to 80^0, the solution turnedredandpn>ducedapi^ 
on a TLC plate. Subsequent fieezmg and Aawing returned the system to the (bhie) 
hybridized state (both solution and spot on a C-18 TLC plate). In a similar experiment 
in which the solution was not refix)zen, the spot obtained on the C-18 TLC plate was 
pink. 

A second way to obtain fester results is to warm the conjugates and target For 
instance, in another experiment, oUgonucleotide-gold colloid conjugates and an 
oUgonucleotide target sequence in a 0. 1 M NaCl solution were wanned rapidly to 65«»C 
and allowed to cool to room temperature over a period of 20 minutes. On spotting on a 
C-18 siUca plate and drying, a blue spot indicative of hybridization was obtained. In 
contrast, incubation of the conjugates and target at room tenQieratuie for an hour m 0.1 
M NaCl sohition did not produce a blue color indicative of hybridization. Hybridization 
is more rapid in 0.3 M NaQ. 



Exan^leS: 

The oligonucleotide-goldcoUoid conjugates 1 and 2 illustrated in Figures 12A-F 
were prepared as described in Example 3, and the oUgonucleotide target 3 illustrated in 
Figure 12A was prepared as described in Example 2. Mismatehed and deletion targets 
4, 5, 6, and? werepurchased fiom the Northwestern University Biotechnology FaciUty, 
Chicago, IL. These oUgonucleotides were synthesized on a 40 mnol scale and purified 
on an reverse phase C18 cartridge (OPQ. Their purity was determined by performing 
ion exchange HPLC. 

Selective hybridization was achieved by heating rapidly and then cooling rapidly 
to the stringent temperature. For example, hybridization was carried out in 100 nL of 
0.1 M NaCl plus 5 mM MgCl^ containing 15 nM of each oligonucleotide-colloid 
conjugate 1 and 2, and 3 nanomoles of target oHgonucleotide 3, 4. 5, 6, or 7, heating to 
74''C,coolingtothe temperatures indicatedin Table 1 below, and incubating the mixture 
at this temperature for 10 minutes. A3 jiL sample of each inaction mixture was then 
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spotted (maC-18TLCsmc» plate. On diymg(5ii]umutes),astrongblu^ 
if hybridization had taken place. 

The results are presented in Table 1 below. Pink spots signify a negative test 
(ie., that the nanoparticles were not brought together by hybridization), and blue spots 
signify a positive test (i.e.. that the nanoparticles were brought into proximity due to 
hybridization involving both of the oligonucleotide-colloid conjugates). 





TABLE 1 








Reactants 




Resul 


Its (Color) 




1 + 2 

1 + 2 + 3(match) 

1 + 2 + 4 (half complement 

mismatch) 


45'C 
Pink 
Blue 

Pink 


50-C 
Pink 
Blue 

Pink 


60°C 
Pink 
Blue 

Pink 


74''C 
Pink 
Blue 

Pink 


1 + 2 + 5(-ebp) 

1 + 2 + 6(1 bp mismatch) 

1 + 2 + 7 (2 bp mismatch) 


Blue 
Blue 
Pink 


Pink 
Blue 
Pink 


Pink 
Pink 


Pink 
Pink 
Pink 



As can be seen in Table 1, hybridization at 6(fC gave a bhie spot only for the 
fully-matched target 3. Hybridization at 50»Cyielded bhie spots with both targets 3 and 
6. Hybridization at 45°C gave blue spots with targets 3. 5 and 6. 

In a related series, a target containing a single mismatch T nucleotide was found 
to give a positive test at 58°C (blue color) and a negative test (red color) at 64'C with 
conjugates 1 and 2. Under the same conditions, the fiilly-matched target (3) gave a 

poffltive test atboth temperatures, showing thatflie test candiscriminatebetweenatarget 
that is fiUly matched and one containing a single mismatched base. 

Similar results were achieved using a different hybridization method. In 
particular, selective hybridization was achieved by freezing, thawing and then waim^ 
rapidly to the stringent tenq>erature. For example, hybridization was carried out in 100 
of 0.1 M NaCl containing 15 nM of each oligonucleotide-coUoid conjugate 1 and 2, 
and lOpicomoles of target oUgonucleotide 3, 4, 5, 6, or 7, freezing in a dry ice-isopropyl 
alcohol bath for 5 minutes, thawing at room temperature, then wanning rapidly to the 
temperatures indicated in Table2below,and incubating themixture at this temperature 
for lOminutes. A3 ^Lsampleofeachreactionmixturewas1henspottedQnaC-18TLC 
siUca plate. The resuhs are presented in Table 2. 
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TABLE 2 



Reactants (probes) + 


Results 
(color) 




RT 


35»C 


40°C 


54°C 


64''C 


(1 +2) + 3 


blue 


blue 


blue 


blue 


pink 


(1+2) 


pink 


pink 


pink 


pink 


pink 


(1 +2) + 4 


pink 


pink 


pink 


pink 


pink 


(1+2) + 5 


blue 


blue 


pink 


pink 


pink 


(1+2) + 6 


blue 


blue 


blue 


pink 


pink 


(1+2) + 7 


blue 


pink 


pink 


pink 


pink 



An important feature of these systems was that the color change associated with 
the temperature change was veiy sharp, occurring over a temperature range of about I'C. 
This indicates high cooperativity in the melting and association processes involviag the 
colloidconjugates and enables one to easily discriminatebetweenoUgonucle^^ 
containing a fiilly-matched sequence and a single basepair mismatch. 

The high degree of discrimination may be attributed to two features. The first is 
the aUgnment of two reUtively short probe oUgonucleotide segments (15 nucleotides) 
on the target is required for apositive signal. A mismatch in either segment is more 
destabilizing than amismatdi in alongerprobe (e.g., an oligonucleotide 30 bases long) 
in a comparable two-component detection system. Second, the sigmd at 260 nm, 
obtainedonlq^dizationoftiie target oKgonucleotides with thenanoparticIecOT^^ 
in solution, is nanoparticl{>-based. not DNA-based. It depends on dissociation of an 
assembly ofnanoparticles organized inapolymericnetworicbymultipleoUgonucleotide 
duplexes. This results in a narrowing of the temperature range that is observed for 

aggregate dissociation, as compared with standard DNA thermal denatuiation. In short, 
some duplexes in the crosslinked aggregates can dissociate without dispersing the 
nanoparticles into solution. Therefore, the temperature range for aggregate melting is 
very narrow (4»C) as compared with the temperature range associated with melting the 
comparablesystem without nanoparticlesCn-C). Even more striking and advantageous 
for this detection approach is the temperature range for the colorimetric response (<1°C) 
observe on the C18 silica plates. In principle, this three-component nanoparticle based 
strategy will be more selective than any two-component detection system based on a 
single-strand probe hybridiziiig with target nucleic acid. 
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A master solution containing 1 nmol of target 3 was prepared in 100 fU of 
hybridization buffer (0.3 M NaQ. 10 mM phosphate, pH 7). One m1 of this solution 
coitesponds to 10 picomole of target oUgonucleotide. Serial dilutions were perfonned 
by taking an aliquot of the master solution and diluting it to the desired concentration 
with hybridization buffer. Table 3 shows the sensitivity obtained using 3 fil of a mixture 
ofprobes 1 and2with different amounts oftarget3. After peifonning the hybridization 
using freeze-thaw conditions, 3 jtl aliquots of these solutions were spotted onto C-18 
TLC plates to deteimine color. In Table 3 below, pink signifies a negative test, and blue 
signifies a positive test. 



TABLE 3 



Amount of Target 


Results 


1 picomole 


blue (positive) 


200 femtomole ' ~ 


blue (positive) 


100 femtomole 


blue (positive) 


20 femtomole 


blue (positive) 


10 femtomole 


purplish (ambiguous) 



This experiment indicates that 10 femtomoles is tiie lower limit of detection for tiiis 
particular system. 



^^Ple6: Assays Using Nanopartjcle-Ohp onucleotide rnnp ,^^ 

DNAmodifiednanoparticles were adsorbedontomodifiedtransparent substrates 
as shown in Figure 13B. This method involved the linking of DNA modified 
nanoparticles to uanoparticles tiiat were attached to a glass substrate, using DNA 
hybridization interactions. 

Glass microscope slides were purchased firamFishersdentific. Slides were cut 
into approximately 5x15 mm pieces, using a diamond tipped scribing pen. Slides were 
cleanedbysoakingfor 20 minutes inasohition of 4:1 HaSO^iI^OjatSO'C. SUdeswere 
flien rinsed with copious amounts of water, Aen efluinol. and dried under a stream of dry 
nitrogen. To fimctionalize the slide surfiice with a thiol terminated silane, tiie slides were 
soaked in a degassed etiianoUc 1% (by volume) mercaptopropyl-trimetiioxysilane 
sohition for 12 hours. The slides were removed fiwm the ethanol sohitions and rinsed 
with eflianol, then water. Nanoparticles were adsorbed onto flie thiol terminated suifece 
of the sUdes by soaking in solutions containing flie 13 nm diameter gold nanoparticles 
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(preparationdescribedmExainple 1). After 12 hours in the coUoidal solutions, the sKdes 
were removed and rinsed with water. The resulting sUdes have a pmk appearance due 
to die adsorbed nanoparticles and exhibit similar UV-vis absorbance profiles (surfece 
plasmon absoifoance peak at 520 nm) as the aqueous gold nanopaiticle colloidal 
sohitions. See Figure 14A. 

DNA was attached to the nanoparticle modified surface by soaking the glass 
slides in 0.2 OD (1.7 ^M) solution cantamingfiTeshlypurifiedS' thiol oligonucleotide (3* 
tMolATGCTCAACTCT[SEQ ID NO:33])(synthesizedas described inExamples 1 and 
3). After 12 hours of soaking time, the sUdes were removed and rinsed with water. 

To demonstrate the abiUty of an analyte DNA strand to bind nanoparticles to the 
modified substrate.alinkingoligonucleotide was prepared The linking oKgonucleo^ 
(prepared as described in Example 2) was 24 bp long (5' 

TACGAGTTGAGAATCCTGAATCK:G[SEQmNO:34])withasequencecoiitaming 
a 12 bp end that was complementaiy to the DNA aheady adsorbed onto the substrate 
surface (SEQ ID NO:33). The substrate was then soaked in a hybridization haSer (0.5 
MNaa, lOmM phosphate bufferpH 7) sohition containing the linking oUgonucleotide 
(0.4 OD, 1.7 nM) forl2 houre. Alter removal and rinsing with simihir buffisr, the 
substrate was soaked in a solution containing 13 nm diameter gold nanoparticles which 
had been modified with an oligonucleotide (TAGGACTTACGC 5' thiol [SEQ ID 
NO;35]) (preparedasdescribedinExample3) tfaatis complemenlary to theunhybridized 
portion of the linking oligonucleotide attached to die substrate. After 12 hours of 
soaking, the substrate was removed and rmsed with the hybridization buffer. The 
substrate color had darkened to a purple color and die UV-vis absorbance at 520 nm 
approximately doubled (Figure 14A). 

To verify that the oligonucleotide modified gold nanoparticles were attached to 
the oUgonucleotide/nanoparticle modified surfece through DNA hybridization 
interactions with the linking oligonucleotide, a melting curve was performed. For the 
melting experiment, the substrate was placed in a cuvette containing 1 mL of 
hybridization buffer and the same apparatus used m Example 2, part B. was used. The 
absorbance signal due to the nanoparticles (520 nm) was monitored as the tenqierature 
of the substrate was increased at a rate of 0.5 X per minute. The nanoparticle signal 
dramatically dropped when the temperature passed eO'C. See Figure 14B. A first 
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derivative of the signal showed a melting temperature of 62''C, which corresponds with 
the temperature seen for the three DNA sequences hybridized in solution without 
nanoparticles. See Figure 14B. 

^J^ample 7: Assays Using Nanooarticl^Ol ieonucleorirfft r^np ^p^t^ 

The detection system illustrated in Figures 15A-G was designed so that the two 
probes 1 and 2 align in a tail-to-tail fashion onto a complementary larget4 (see Figures 
15A-G). This differs from the system described in Example 5 where the two probes 
align contiguously on flie target strand (see Figures 12A-F). 

The oUgonucleotide-gold nanoparticle conjugates 1 and 2 illustrated m Figures 
15A-G were prepared as described in Example 3. except that the nanoparticles were 
redispersed in hybridization buffer (0.3 M NaCl. 10 mM phosphate, pH 7). The final 
nanoparticle-oligonucleotide conjugate concentration was estimated to be 13 nM by 
measuring the reduction m intensity of the suiftce plasmon band at 522 nm which gives 
rise to the red color of tiie nanoparticles. TTie oKgonucleotide targets iUustrated in 
Figures 15A-G were purchased from the Northwestern University Biotechnology 
Facility, Evanston, IL. 

When 150 \iL of hybridization buffer containing 13 nM oUgonucleotide- 
nanoparticle conjugates 1 and 2 was mixed with 60 picomoles (6 »iL) of target 4, the 
sohjtion color immediately changed fiom red to purple. This color change occurs as a 
result of the formation of large oUgonucleotide-linked polymeric networks of gold 
nanoparticles, which leads to a red shift in the surfece plasmon resonance of the 
nanoparticles. When the solution was aUowed to stand for over 2 hours, precipitation of 
large macroscopic aggregates was observed. A 'melting analysis' of the solution with 
tiiesuspendedaggrcgateswasperformed. Toperformthe 'melting analysis', the solution 
was dUuted to 1 ml witii hybridization buffer, and the optical signature of the aggregates 
at 260 nm was recorded at one minute intervals as the temperature was increased fiom 
25*C to 75*C, with a holding time of 1 minute/degree. Consistent with characterization 
of the aggregate as an oligonucleotide-nanoparticle polymer, a characteristic sharp 
transition (full width at half maximum, FW,^ of the first derivative = 3.5'Q was 
observed with a "melting tenq)erature" (T J of 53.5'C. This conqnres well with the T„ 
associated with the broader transition observed for oUgonuclcotides without 
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nanoparticles (T„ = 54*C. FW,a = ~13.5'C). The 'melting analysis' of the 
oUgonucleotide sohtion without nanoparticles was peifonned under similar conditions 
as the analysis with nanoparticles, excqrtthat the temperature was increased fiom 10-80 
*C. Also, tiie solution was 1.04 a^M in each oligonucleotide component 

To test tiie selectivity of the system, die T„ for die aggregate formed from die 
perfect complement 4 of probes 1 and 2 was compared widi die T„'s for aggregates 
formed from targets diat contained one base mismatches, deletions, or insertions CFigures 
15A-G). Significantiy, aU of die gold nanoparticle-oligonucleotide aggregates diat 
contained imperfect targets exhibited significant, measurable destabilization whai 
compared to die aggregates formed from tiie perfect complement, as evidenced by T„ 
values for die various aggregates (see Figures 15A-G). The solutions containing die 
imperfect targets could easily be distinguished from the solution containing the perfect 
complement by dieir color when placed in a water bath held at 52.5*C. This tenqierature 
is above die T„ of die mismatched polynucleotides, so only the solution wifli die perfect 
target exhibited a purple color at diis temperature. A 'melting analysis' was also 
performed on die probe solution which contained the half-«onq)lementaty target Only 
a minute increase ia absoibance at 260 nm was observed. 

Next,2AzL (20 picomoles)ofeachoftiieoligonucleotide targets (Figures 15A-G) 
were added to a solution containing 50 /jL of eachprobe (13 nM) in hybridization buffer. 
After standing for 1 5 minutes at room tem^ierature, die solutions were tiansfened to a 
temperature-contiTolled water badi and incubated at the temperatures indicated in Table 
4 below for five minutes. A 3 ^1 sample of each reaction mixture was dien spotted on 
a C-18 silica plate. Two control experiments were performed to demonstrate diat die 
alignment of bodi probes onto die target is necessary to trigger aggregation and, 
dierefore, a color change. The first control experiment consisted of bodi probes 1 and 
2 witiiout target present The second control ejqieriment consisted of bodi probes 1 and 
2 widi a target 3 that is complementary to only one of die probe sequences (Figure 1 5B). 
The results are presented in Table 4 below. Pink spots signify a negative test, and blue 
spots signify a positive test 

Notably, die colorimetric transition diat can be detected by the naked eye occurs 
over less dian 1 "C, diereby allowing one to easify distinguish die perfect target 4 from 
die targets widi mismatches (5 and 6), an end deletion (7), and a one base insertion at die 
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point in the target where the two oligonucleotide probes meet (8) (see Table 4). Note 
that the colorinietric transition T, is close in temperature, but not identical, to T„. In both 
controls, fliere were no signs of particle aggregation or instabiUty in the solutions, as 
evidenced by the pinkish red color which was observed at aU temperatures, and they 
showed negative spots (pink) in the plate test at all temperatures (Table 4). 

The observation that the one base insertion target 8 can be differentiated ftom the 
fiiUy complementary target 4 is truly remarkable given the complete complementarity 
of flie insertion strand with the two probe sequences. The destabilization of the 
aggregate formed from 8 and the nanoparticle probes appears to be due to the use of two 
short probes and the loss of base stacking between the two thymidine bases where the 
probe tailsmeetwhenhybridized to the fully complementarytargeL Asimihireflfectwas 
observed when a target containing a three base pair insertion (CCQ was hybridized to 
theprobesunderconq)arableconditions,Cr„=5rc). In the system described above in 
fixan^le 5, targets with base insotions could not be distinguished fiom the fully 
complementarytaiget Therefore, the systemdescribedm this exarnple is very favorable 
m terms of selectivity. This system also exhibited the same sensitivity as the system 
described in Exaniple 5, which is appronmately 10 fiantomoles wifliout amplification 
techniques. 

The results indicate that any one base mismatch along the target strand can be 
detected, aloog with any insertions into the target strand. Importantly, the temperature 
range over which a color change can be detected is extremely sharp, and die change 
occurs over a very narrow temperature range. This sharp transition indicates that there 
is a large degree of cooperativity in the melting process involving the large network of 
coUoids which are linked by the target oligonucleotide strands. Hiis leads to the 
remarkable selectivity as shown by the data. 
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TABLE 4 



Reactants 
(probes) + 
target 




Results 
(color) 




RT 


47.6-C 


50.5'C 


51.4-0 




54.5°C 


(1+2) 


pink 


pink 


pink 


pink 


pink 


pink 


(1 +2) + 3 


pink 


pink 


pink 


pink J 


pink 


pink 


(1+2) + 4 


blue 


blue 


blue 


blue 


blue 


pink 


(1+2) + 5 


blue 


blue 


blue 


pink 


pink 


pfnk 


(1 +2) + 6 


blue 


pink 


pink 


pink 


pink 


pink 


(1+2) + 7 


blue 


blue 


blue 


blue 


pink 


pink 


(1+2) + 8 


blue 


blue 


pink 


pink 


pink 





Example 8: Assays Usin ^ Nanonarticle-OHgonuclentide Conj npatBs 

A set of e^qjeriments were perfonned involving hybridi2ation with 'fiUer* duplex 
oligonucleotides. Nanoparticle-oligonucleotide conjugates 1 and 2 illustrated in Figure 
16A were incubated with targets of different lengths (24, 48 and 72 bases in length) and 
complementary filler oligonucleotides, as ilhistrated in Figures 16A-C. Otherwise, the 
conditions were as described in Example 7. Also, the oUgonucleotides and nanoparticle- 
oligonucleotide conjugates were prepared as described in Exainple 7. 

As expected, the different reaction solutions had markedly different optical 
pn)peitiesafterhybridizationduetolhedistance.dqiendentqpticalpropertieso 
nanoparticles. See Table 5 below. However, when these solutions were spotted onto a 
C-18 TLC plate, a blue color developed upon drying at room temperature or 8(fC, 
regardless of the length of the target oligonucleotide and the distance between the gold 
nanoparticles. See Table 5. TTiis probably occurs because the solid support enhances 
aggregation of the hybridized oligonucleotid&-nanoparticle conjugates. Tliis 



nanoparticles can be 
possible. 



substantial (at least 72 bases), and colorimetric detection is still 



Target Length 



Results (CokM-l 



TLC Wale 



72 bases 
Probes 1 + 2 only 



Pink 
Rnk 
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The color changes observed in Ihis and other exan^les occur when the distance 
between the gold nanoparticles (the interparticle distance) is qjproximately the same or 
less than the diameter of flie nanopaiticle. Thus, the size of the nanoparticles, the size 
of the oligonucleotides attached to them, and the spacing of the nanoparticles when they 
are hybridized to the target nucleic acid affect whether a color change will be observable 
when theoligonucleotide-naQoparticleconjugates hybridize with the nucleicacidtargete 
to form aggregates. For instance, gold nanoparticles witii diameters of 13 nm will 
produce a color change when aggregated using oUgonucleotides attached to the 
nanoparticles designed to hybridize with target sequences 10-35 nucleotides in length. 
The spacing of the nanoparticles when they are hybridized to the target nucleic add 
adequate to give a color change wiU vary with the extent of aggregation, as the results 
demonstrate. TheresultsalsoindicatethatthesoUdsurfaceenhancesfiiriheraggregation 
of already-aggregated samples, bringing the gold nanoparticles closer together. 

The color change observed with gold nanoparticles is attributable to a shift and 
broadeningofthesuifeceplasmonresonanceofthegold. TTiis color change is unlikely 
for gold nanoparticles less than about 4 nm in diameter because fbs lengths of the 
oUgonucleotides necessary for specific detection of nucleic add would exceed the 
nanoparticle diameter. 

Example 9: Assays Using Nanopartjcle-Oligonucleotide Cnn jufn^t^ 

Five microliters of each probe 1 and 2 (Figure 12A) were combined to a final 
concentration of 0.1 MNaQ with buffer (10 mM phosphate, pH 7), and 1 microliter of 
humanurine was added to the solution. When this sohition was frozen, thawed, and then 
spotted on a C-18 HX: plate, a blue color did not develop. To a similar solution 
containing 12.5 microUters of each probe and 2.5 microUters of human urine, 0.25 
microKters(lOpicomoles) of targets (Figure 12A)wasadded, The solution was frozen, 
thawed and then spotted onto a C-18 TLC plate, and a blue spot was obtained. 

Similar ejqwriments were performed in Hie presence ofhuman saliva. A solution 
containing 12.5 microUters of each probe 1 and 2 and 0.25 microUters of target 3 was 
heated to 70''C. After cooUng to room temperature, 2.5 microUters of a saUva sohilion 
(human saUva diluted 1:10 with water) was added. After the resultant sohition was 
frozen, thawed and then spotted onto a C-18 TLC plate, a blue spot was obtained, " 
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indicating hybridization of the probes with the target In control experiments with no 
tat:get added, blue spots were not observed. 

Example 10: Aasavs Using Nanopartic le-Oligonucleotide Conf iipatft^Q 

An assay was performed as illustrated in Figure 13A. First, glass microscope 
slides, purchased fix>m Fisher scientLBc, were cut into approximately 5x15 mm pieces, 
using a diamond tipped scribing pen. SUdes were cleaned by soaking for 20 minutes in 
a solution of 4: 1 H2S04:H20j at 50°C. SUdes were then rinsed with copious amounts of 
water, then ethanol, and dried under a stream of dry nitrogen. Tbiol-modifiedDNA was 
adsorbed onto the slides using a modified procedure reported in the literatoie (CSnisey 
et al.. Nucleic Acids Res., 24, 3031-3039 (1996) and Chrisey et aL. Nucleic Adds Res., 
24, 3040-3047 (1996)). First, the sUdes were soaked m a 1% solution of 
trimethoxysilylpropyldiethyltriamine (DETA, purchased ftom United Chemical 
Technologies, Bristol, PA) m 1 mM acetic acid m Nanopure water for 20 minutes at 
roomtenqierature. The slides were rinsed wifli water, then etiumol. After drying with 
a dry nitrogen stream, the sUdes were baked at 1 20^ for 5 minutes using a tenq)etati^ 
controlled heating block. The slides were allowed to cool, tiien were soalmd in a 1 mM 
succinimidyl 4-(malemidophenyl>butyrate (SMPB, purchased ftom Sigma Chemicals) 
solution m 80:20 methanol:dunethoxysulfoxide for 2 hours at room ten^jeratare. After 
removal ftom tiie SMPB sohition and rinsing witii ethanol, amine sites that were not 
coiq)led to the SMPB crossUnker were cqqsed as foUows. First, the slides were soaked 
for 5 minutes m a 8: 1 THFrpyridme solution contauiing 10% 1-methyl imidazole. Then 
flie slides were soaked in 9:1 TEIF:acetic anhydride solution for five minutes. These 
capping solutions were purchased fiiom Glen Research, SterUng, VA. The slides were 
rinsed with THF, then ethanol, and finally water. 

DNA was attached to the surfaces by soaking tiie modified glass slides in a 0.2 
OD (1.7 \iM) solution containing fteshty purified oligonucleotide (3* tiiiol 
ATGCTCAACTCT [SEQ ID NO:33]). After 12 hours of soaking time, tiie sUdes were 
removed and rinsed with water. 

To demonstinte the ability of an analyte DNA strand to bind nanoparticles to tiie 
modified substrate, a linking oligonucleotide wasprepared. The linking oligonucleotide 
was 24 bp long (5* TACGAGTTGAGAATCCTGAATGCG [SEQ ID NO:34]) with a 
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sequeuce containing a 12 bp end that was complementary to the DNA already adsorbed 
onto die substrate surfece. The substrate was then soaked in a hybridization buflPer (0.5 
M NaCl, 10 mM phosphate buffer pH 7) solution containing die linking oligonucleotide 
(0.4 OD, 1.7 ^M) for 12 hours. After removal and rinsing with similar buffer, the 
substrate was soaked in a solution containing 13 nm diameter gold nanoparticles which 
had been modified with an oligonucleotide (TAGGACTTACGC 5' thiol [SEQ ID 
NO:35]) that is complementary to the unhybridizedportion of the linking oligonucleotide 
attached to the substrate. After 12 hours of soaktog, the substrate was removed and 
rinsed with the hybridization buffer. The glass substrate's color had changed fiom clear 
and colorless to a transparent pink color. See Figure 19A. 

Additional layers of nanoparticles wrae added to flie slides by soaking the slides 
in a solution of the linking oligonucleotide as described above and then soaking in a 
solution containing 13 nm gold nanoparticles having oligonucleotides (3' thiol 
ATC3CTCAACTCT [SEQ ID NO:33]) attached thereto. After soaking far 12 hours, the 
slides were removed from the nanoparticle solution and rinsed and soaked in 
hybridization buffer as described above. The color of the slide had become noticeably 
morered. SeeFigurel9A. A final nanoparticle layer was added by repeating tiie linking 
oligonucleotide and nanoparticle soaking procedures using 13 nm gold nanoparticles 
which had been modified with an oUgonucleotide CTAGGACTTACGC 5' thiol [SEQ ID 
NO:35]) as the final nanoparticle layer. Again, the color darkened, and the UV-vis 
absorbance at 520 nm increased See Figure 19A. 

To verify diat the oligonucleotide modified gold nanoparticles were attached to 
tiie oligonucleotide modified surface dirough DNA hybridization interactions with the 
linking oligonucleotide, a melting curve was performed. For the melting experiment, a 
sUde was placed in a cuvette containing 1 .5 mL of hybridization buffer, and an apparatus 
similar to that used in Example 2, part B, was used. The absorbance signal due to the 
nanoparticles (520 nm) was monitored at each degree as the tempoature of ttie substrate 
was increased fit>m 20°C to 80*0, with a hold time of 1 minute at each integral degree. 
The nanoparticle signal dramatically dropped when the tenqperature passed 52°C. See 
Figure 19B. A first derivative of the signal showed a melting teiiq>etature of 55°C, 
virich corresponds with flie temperature seen for the oligonucleotide-nanoparticle 
conjugates and linking oligonucleotides hybridized in solution. See Figure 19B. 
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Example 1 1 : Assay of a Polyribonucleotide Using 

yanoparticle-Oligonucleotide Conm^ tes as Probes 
The previous Examples utilized oligo- deoxvriboim cleotiriftR as taigets in the 
assays. The preset exan^le demonstcales that flie nanqparticl&oligonucleotide 
conjugates can also be used as probes in assaying a pdyEbsnucleotide. The experiment 
was carried out by adding 1 jiL of a solution of poly(rA) (0.004 Units) to 100 jiL of 
gold nanoparticles (~ 10 nM in particles) conjugated to dTjo (a 20-mer oUgonucleotide 
containing fhymidylate residues) trough a meicqrtoalkyl linka: at the S'-tenninus. The 
conjugation procedure was that described in Example 3. FoUowing freezing in a Dry 
Ice/isopropyl alcohol bath, tiiawing at mom temperature, and spotting on a C18 TLC 
plate as described in Example 4. a blue spot characteristic of aggregation of tiie 
nanoparticles by hybridi2ation was observed. Control experiments carried out in absence 
of the target gave a pink spot, radier than a bhie spot 

Example 12: Assay for Protective Antigen DNA Segment of Anthrax 

In many cases amplification of a double-stranded DNA target by PGR is needed 
to provided sufScient material for an assay. The present example demonstrates tiiat the 
nanoparticle-oligonucleotide conjugates can be used to assay for a DNA strand in the 
presence of its complement (i.e., assaying for a single strand after thermal 
dehybridization of a double-stranded target) and can recognize and specifically bind to 
an ampiicon obtained fiiom a PC31 reaction. 

A PGR solution containing a 141 base pair daplex ampiicon of the Protective 
Antigen segment of Anthrax was provided by tiie Navy (sequence given in Figure 23). 
The assay for this ampiicon was carried out by isolating fbe DNA from 100 nL of the 
POlsolutionusingaQiaquickNucleotide Removal iat(Qiagen,Ijic., Santa Oari 
and the standard protocol for this kit, with the exception that elution of the DNA was 
effected with 10 mM phosphate buffer at pH 8.5, rather than with the buffer provided 
with thie kit The ehiant was then evirated to dryness on a Speed Vac (Savant). To 
this residue was added S fiL of a mastor mix prepared by mixing equal volumes of each 
of two solutions of two different oligonucleotide-nanoparticle probes (see Figure 23). 
Each oUgonucleotide-nanoparticle probe was prepared as described in Example 3. The 
sohitions of the probes which were combined to form the master mix were prepared by 



wo 01/00876 



PCTAJSOO/17507 



81 

adding 10 fiL of 2 MNaCl and 5 fiL of oUgonucleotide blocker solution (50 pmoles of 
each Blocker oUgonacleotide (see Figure 23 and below) in a 0.3 M NaCl, 10 mM 
phosphate, pH 7.O., sohition) to 5 nL of full-strength (about 10 nM) nanoparticle-. 
oligonucleotide solution. The amplicon-probe mixture was heated to 100°C for 3 
mmutes. then firozen in a DRY ICE/ethanol bath and allowed to come to room 
temperature. A smaU aliquot (2 jiL) was spotted on a C 1 8 TLC plate and allowed to dry. 
A strong blue spot indicative of hybridization was obtained. 

Control tests carried out in the same manner in absence of the ampUcon target 
DNA, in the absence of Probe 1 , in the absence of Probe 2, or in the absence of the 
sodium chloride, were aU negative, that is, gave a pink spot Similarly a test carried out 
using probes 1 and 2 with a PGR anq)Kcon derived fiom the Lethal Factor segment of 
Anthrax in place of the Protective Antigen Segment was negative (pink spot). These 
controls confirmed that both probes were essential, that salt conditions appropriate for 
hybridization were needed, and that the test was specific for the specified target 
sequoice. 

The oligonucleotide Blockers were added to inhibit bindmg of the second strand 
of die hiitial duplex target (ic, the strand complementary to the target strand) to regions 
of the target nucleic acid strand outside the segment that binds to the probes (see Figure 
23 for sequences), since such bmding mterfores with binding of the nanoparticle 
oligonucleotideprobes tothetargetstrand. In this example, IheBlockeroUgonucleotides 
were complementary to the single-stranded target in regions not covered by the probes. 
An alternative scheme is to use blocker oKgonucleotides that are conqilementary to the 
PGR complementary strand (die strand coiiq>lementary to the target strancQ outside tibe 
region diat competes widi the probe oligonucleotides. 

Example 13: Direct assay of PGR AmpUcons without isolation 
of the amohcons fiom the PGR solution 

TheproceduredescribedinExan^le 12mvohredseparationofthePGRamplicQn 

fimm flie PGR solution before addition of the nanqparticle-oligonucleotide probes. For 

many purposes it would be desirable to be able to carry out the assay directly m the PGR 

solution without prelimnary isolation of the polynucleotide products. A protocol for 

such an assay has been developed and is described below. This protocol has been 
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perfonned successfully with several PGR products derived under standard conditions 
using a GeneAmp PGR Reagent Kit with Amplitaq DNA polymerase. 

To 50 iiL of the PGR sample solution, 5 of a mixture of two gold 
nanqparticleK)Hgonucleotide probes (0.008 Units of each) was added, followed by 
addition ofasohrtion made up from 1 fiL of Blocker oligonucleotides (lOpmoles each), 
5 nL of 5 M NaCl, and 2 jiL of 150 mM MgClj. This mixture was heated for 2 minutes 
at lOCC to separate die strands of the diqjiex target, the tube was immersed direcfly in 
a cold bath (e.g.. Dry Ice/ethanol) for 2 minutes, then removed, and the solution allowed 
to thaw at room temperature (the freeze-thaw cycle facilitates hybridization of the probes 
with the target oUgonucleotide). Fmally, a few jiL of the solution were spotted on a plate 
(e.g.. C18 RP TLC plate, a siUca plate, a nylon membrane, etc.). As usual, blue color 
signifies the presence of the targeted nucleic acid in flie PGR sohition; a pink color is 
negative for this target 

Exanq)le 14: DirectRecognitionofDuplexOligonucleotidesWithoutDehybridization, 
Using Assembly of NanoparticTe-Oliponii c leotide Cnnm^ f^ 

In the previous Examples, double-stranded targets were dehybridized by heating 
to generate single strands which interacted with single-stranded oligonucleotide probes 
bound to nanoparticles. The present example demonstrates that in cases where triple- 
stranded conq)lexes can form, double-stranded oligonucleotide sequences can be 
recognized by the nanoparticle probes wi^ut prior ddiybridization of tiie target 

Tests were carried out with two different systems- polyA:polyU and dA4o:dT4o- 
by adding 1 jiL of a sohition containing 0.8 Units of the target duplex in 100 jiL of 
buffer (0.1 MNaGI, 10 mM phosphate, pH 7.0) to 100 jiL of a colloidal solution of Au- 
sdTjo nanoparticle-oligonucleotide conjugate (~10 nM inparticles; see Exan^ile 1 1) in 
03 M NaCl, 10 mM phosphate buflfer at pH 7.0. Subsequent quick freezing by 
unmersing die tube in a Dry Ice/isopropyl alcohol bath and thawing by rranoving the 
tube from the bath and lettiAg it stand at room tenqjerature (TZ'C), followed by spotting 
3 nL of the sohition on a C18 *ELC plate, afforded a bhie spot characteristic of 
hybridization and aggregation of die nanoparticles. 

The rationale for this test is that the nanoparticle probes (bearing pyrimidine 
oligonucleotides in this exaoqile) bind in a sequence specific manner at purine 
oligonucleotide^pyrimidine oligonucleotide sites along the duplex taiget Smce many 
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binding sites are avaUable on each double stranded entity, the binding leads to formation 
of an aggregate of nanoparticles. The results show that this assay, based on formation 
oftriple-strandedconqjlexesinvolvingthenanoparticlepiobes, works bofe 
and oligodeo^^bonncleotide double-stranded targets. 

Example 15: Assay Employing Both Fluo rescence And Colorimetric DetRntinn 

All hybridization experiments were performed in a 0.3 M NaCl, 10 mM 
phosphate, pH 7.0, buffer solution. AcetatePlus™ filtration membranes (0.45 nm) were 
purchased &om Micron Separations Lie, Westboro, MA. Alkylamine-fimctionalized 
latex microspheres (3.1 ^m) were purchased from Bangs Laboratories, Fishers IN. 
Fluorophore-labeled oligonucleotides functionahzed with alklylamino groups at Ae 3'- 
terminus were synthesized using standard phosphoramidite chemistry (Eckstein, ed., in 
Oligonucleotides and Analogues, Isted., Oxford University, New York, N.Y. 1991) with 
an AmincHModifier C7 CPG solid support (Glen Research) and a S'-fluorescein 
phosphoramidite (6-FAM, Glen Research) on an Ejq)edite 8909 synthesizer and were 
purified by reverse phase HPLC. They were attached to the amme-functionalized latex 
microspheres by means of diisotfaiocyanate coupling to yield a dithioiuea linkage as 
descnT)edinChaireyreetal.,Zangim«r, 13, 3103-31 10(1997). Briefly, a DMFsohition 
of a one thousandfold excess of 1,4-phenylene diisolhiocyanate was added to an aqueous 
borate buffer solution (0.1 M, pH 9.3) of the amino-modified oUgonucleotide. After 
several hours, theexcess 1,4-pheiqrIene diisolhiocyanate was extracted with butanoland 
the aqueous solution lyophilized. The activated oligonucleotides were redissolved m 
borate buffer and reacted with the amino-functionalized latex microspheres in a 
carbonate buffer (0.1 M,pH9.3, 1 MNaQ). After 12 hrs, the particles were isolated by 
centrifiigation and washed flnee times with buffered saline solution (0.3 MNaCl, 10 mM 
phogjhate pH 7.0). The 5'-oligonucleotide-modified gold nanoparticle probes were 
prepared as described in Exanq}le 3. 

The target ohgonucleotide (1-5 fxl, 3 nM) was added to 3 ^l of fluorophore- 
labeled oligonucleotide-modified latex microsphere probe sohjtion (3.1 jim; 100 flvl). 
After 5 minutes, 3 ^il of the 5' oUgonucleotide-modified gold nanoparticle probe sohition 
(13 nm; 8 nM) were added to die solution contammg the target and latex microsphere 
probes. Upon standing for an additional 10minutes,thesohition containing both probes 
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and target was vacuum-filtered through the AcetatePlus membrane. The membrane 
retained the relatively laige latex particles and aUowed any non-hybridized gold 
nanoparticle probes to pass through. In the presence of a sufficient concentration of 
target, the latex microspheres and the gold nanoparticles hybridized with the target, and 
a red spot was obsenred on fte membrane (positive result). A control experiment was 
always carried out where the aliquot of sohition containing the target oligonucleotide was 
replaced by an equal volume of water. In this case, a white spot was left on the 
membrane (negative result). For a 24-base-pair model system, using the unaided eye, 
3 femtomoles of target oligonucleotide could be detected colorimetrically. 

A double-stranded target oligonucleotide (1-5 fil, 20 nM), 3 fil of a sohition of 
fluorophore-labeled- oligonucleotide-latex microspheres (3.1 nm; 100 fM) and 3 fil of 
a solution of 5'-oUgonucleotid&-gold nanoparticles (13 mn; 8 nM) were combined and 
heated to 100 "CforS minutes. Then, the solution was immediately fiozen by immersing 
the reaction vessel containing it in a liquid bath for 3 minutes. This sohition was then 
thawed at room temperature and filtered as described above. For a 24-base pair model 
system, using the unaided eye, 20 femtomoles of duplex target ohgonncleotide could be 
detected colorimetrically. 

When monitored by fluorescence, the detection method described above proved 
to be difficult due to background fluorescence fiom the membrane. This problem was 
overcome by •'washing" the latex microspheres by centrifiigation to ranove excess gold 
nanoparticle probes before spotting an aliquot on a reverse-phase TLC plate. The 
hybridization eqxaimenlswCTB performed as described above. After hybridization was 
efifected between the probes and target, 1 0 \il of buffer were added to the solution, which 
was subsequenfly centrifiiged at 1 0,000 x g for 2 minutes. The supernatant was removed, 
and 5 ^1 of buffer were added to help resuspend the precipitate. A 3 jil aUquot was then 
spotted on a reverse-phase TLC plate. For both single-stranded and duplex target 
oligonucleotides, 25 femtomoles could be detected colorimetrically by the naked eye. 
Fluorescent spots could be visualized by the naked eye with a hand-held UV-lamp uutU 
the target amount in the 3 fil aliquot used to form the spot was as low as 50 femtomoles. 
It is believed that optimization of fliis system will allow for detection of even lower 
amounts of target nucleic add. 
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Example 16: Assays Rmplnving Silver Sfcipinp 

DNA hybridization tests on oUgomicleotide-niodified substrates are commonly 
iised to detect the presence of specific DNA sequences in solution. The developing 
promise of combinatorial DNA arrays for probing genetic information illustrates the 
inqwrtance of these heterogeneous sequence assays to future science. In most assays, 
the hybridizationoffluorophore-labeled targets to surfece-boundprobes is monitoredby 
fluorescence microscopy or densitometry. Although fluorescence detection is very 
sensitive, its use is limited by the expense of the experimental equipment and by 
background emissions from most common substrates. In addition, the selectivity of 
labeled oUgonucleotide targets for perfectly complementary probes over those with 
single-base mismatches is poor, preventing the use of sur&ce hybridization tests for 
detection of single nucleotide polymorphisms. A detection scheme which improved 
upon the simplicity, sensitivity and selectivity of fluorescent methods could aUow the 
lull potential of combinatorial sequence analysis to be realized. The present invention 
provides such inqnoved detection schemes. 

For instance, oUgonucleotide-modifiedgoldnanoparticlesandunmodifiedDNA 
target could be hybridized to oligonucleotide probes attached to a glass substrate in a 
three-component sandwich assay (see Figures 25A-B). Note that the nanoparticles can 
either be individual ones (see Figure 25 A) or "trees" of nanoparticles (see Figure 25B). 
The "trees" increase signal sensitivity as compared to the individual nanoparticles, and 
the hybridized gold nanoparticles "trees" often can be observed with the naked eye as 
dark areas on the glass substrate. When "trees" are not used, or to amplify the signal 
produced by the "trees," the hybridized gold nanoparticles can be treated with a silver 
staining solution. The "trees" accelerate the staining process, making detection of target 
nucleic acid fester as compared to individual nanoparticles. 

The following is a description of one specific system (illustrated inFigure 25A). 
Capture oUgonucleotides (3' -HS(CH2)3- A.oATGCTCAACTCT; SEQ IDNO: 43) were 
immobilized on a glass substrate as described in Example 10. A target oKgonucleotide 
(5'-TACGAGrrGAGAATCCTGAATGCG-3'.SEQ IDNO: 44.concentrations given 
below in Table 6 for each e;qperiment) was hybridized with the capture oUgonucleotides 
in0.3MNaCl, lOmM phosphate bufferasdescribedmExample 10. Ihe substrate was 
rinsed twice with the same buffer solution and immersed in a solution containing gold 
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nanoparticle probes fimctioiialized with target-complementaiy DNA (5' - 
HS(CH2)6A,oCGCATTCAGGAT, SEQ ED NO: 45)(preparation described in Example 
3) for 12 hours. Next, the substrate was rinsed copiously with 0.3 M NaNO, to remove 
Cl~. The substrate was dioi developed with silver staining solution (1:1 mixture of 
Silver Enhancer Solutions A and B, Sigma Chemical Co., # S-S020 and # S-5145) for 3 
minutes. Greyscale measurements were made by scaiming flie substrate on a flafbed 
scaimer (normally used for scanning docummts into a conpitBr) linked to a con^uter 
loaded with software oqpable of calculating greyscale measurements (e.g:, Adobe 
Photoshop). The results are presented in Table 6 below. 



TABLES 



Target DNA Concentration 


Mean Greyscale 


Standard Deviation 1 


10 nM 


47.27 


2.10 


5nM 


53.45 


0.94 


2nM 


54.56 


1.17 


1 nM 


59.98 


1.82 


500 pM 


61.61 


2.26 


200 pM 


90.06 


3.71 


100 pM 


99.04 


2.84 


50 pM 


135.20 


7-49 


20 pM 


155.39 
168.16 


3.66 
10.03 



This example describes the immobilization of synthetic single-stranded DNA on 
semiconductor nanoparticle quantum dots (QDs). Native CdSe/ZnS core/shell QDs (-4 
nm) are soluble only in organic media, making direct reaction with allQrlihiol-tenninated 
single-stranded DNA difiScult This problem was circumvented by first c^ing the QDs 
with 3-mercaptopropionic acid. The carboxylic acid group was flien deprotonated witti 
4-(dimethylamino)pyridine, rendering the particles water soluble, and fecilitating 
reaction of the QDs with either 3'-propyIthiol- or S'-he^^ltiuol-modified oligonucleotide 
sequences. After DNA modification, the particles were separated fixun imr«tHwH DNA 
by dialysis. A "linker^ DNA strand was then hybridized to sur&ce-bound sequences, 
generating extended assemblies of nancqrarticles. The QD assemblies, which were 
characterized by TEM, UVA^isible spectroscopy, and fluorescoice spectroscopy, could 
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be reversibly assembled by controlliag the temperature of Ac solution. The tenqperatuie 
dependent UV-Vis spectra were obtained fiv the novel QD assemblies and conqxisitB 
aggregates fanned between QDs and gold nanopaiticles (~ 13 nm). 

A. General Methods 

Nanopure water (18.1 MQ) prepared using a NANOpure ultnQ>ure water 
purificatian system was employed tfaraufJiouL Fhunescencespectrawereobtainedusing 
a Peridn Elmer LS SO B Luminescence Spectrometer. Melting analyses were performed 
using a HP 84S3 diode array spectrophotometer equipped with a HP 9090a Peltier 
Temperature Ckmtroller. Coitrifugation was carried out using either an Eppendorf 
S41SC centrifuge or a Beckman Avanti 30 coitrifuge. TEM images were acquired using 
a Hitachi HF-2000 field emission TEM operating at 200 kV. 

B, Pre paration Of Qligonucleotide-OD Confupates 

Synthetic methodologies for semiconductor quantum dots (QDs) have improved 
greatly in recent years, and for some materials, most notably CdSe, monodispeise 
samples of pre-detennined size can now be prq>ared with relative ease. Murray et al., 
J. Am, Chem. Soc, 1993. 115, 8706; Hines, et al., /. Phys. Chem. 1996, 100, 468. As a 
result, the unique electronic and luminescent properties of these particles have been 
studied extensively (see, Alivisatos, J. Phys. Chem. 1996, 700, 13226, and references 
therein; Klein et al.. Nature 1997, 699; Kuno et al., J. Chem. Phys. 1997, 106, 9869; 
Ninnal et aL. Nature 1996, 383, 802), potraitialfy paving the way for QDs to be 
employed in diverse technologies, such as light-emitting diodes (Schlanq> et al., J. AppL 
Phys. 1997, 82, 5837; Dabbousi et al., JppL Phys. Lett. 1995, 66, 1316) and as non- 
radioactive biological labels (Brudiez et al.. Science 1998, 281, 2013; Chan et al.. 
Science 1998, 281, 2016). However, many applications will require that the particles be 
arranged spatially on a sur&ce or organized into tfaiee-dimensioDal materials (Vossmeyor 
et al., J. Appl. Phys. 1998, 84, 3664). Moreover, the ability to organize one or more 
types of nanqparticles into stq>»lattice structures (Murray et al.. Science 1995, 270, 
1335) would allow for die construction of completely new types of hybrid materials with 
new and potentially interesting and usefol properties. 
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DNA is the ideal syndum for progranmung fba assembly of mmoscale building 
blocks into periodic two- and three-dimensional extended stroctures. The many 
attributes of DNA, which inchide ease of synthesis, extiaordinaiy binding specificity, 
and virtually unlimited programmability by virtue of nucleotide sequence, can be 
exploited for the use of QD assembly. 

The modification of QDs with DNA has proven to be more difficult than for gold 
nanoparticles. The common methods for preparing highly luminescent CdSe QDs yield 
materials that are coated with a mixture of tdoctylphosphine oxide (TOPO) and 
trioctylphosphine (TOP). As a result, these QDs are soluble only in non-polar solvents, 
making them difficult to fimctionalize with highly charged DNA stiands by direct 
reaction. This difficulty has been overcome by the method described below, which is the 
first successful modification of semiconductor nanoparticles with single-stranded DNA 
It should be noted that others, in elegant studies, have looked at the interactions between 
QDs and duplex DNA, but these studies did not make use of the sequence specific 
binding properties of DNA to direct the assembly of extended QD structures. Coffer et 
?\.,Appl.Phys.Lett. 1996,dP,3851;Mahtabetal.,y.^m. Chem.Soc.. 1996, 7028. 

Since the surface of CdSe/ZnS core^shell QDs binds oiganictiiiols, it was desired 
to modify these semiconductor particles witih aU^Uhiol-tenmnated DNA strands by a 
substitution reaction. The lack of water solubility of these QDs, fliough, hindered such 
aniQ>proach. Two different methods recently have been reported for niaking QDs water - 
sohible, allowing for the unmobilization of protein structures on the QD suifiices. One 
involves encapsulation of the coie/shell structures with a silica layer (Bruchez et al.. 
Science 1998, 28U 2013), while the other utilizes metcqitoacetic acid bo& to stabilize 
die particles and provide water sohibility (Chan et al.. Science 1998, 2^7, 2016). The 
procedure described in tfiis exanq>le, ^ch produces remarkably stable coUoid under 
DNA hybridization conditions, utilizes 3-mercaptqpropionic add to passivate the QD 
sur&ce. 

An excess of3-merc^topropiomc acid (0. 10 mL, 1.15 mmol; Aldrich) was added 
by syringe to a suspension of -20 mg ofTOP/TOPO stabilized CdSe/ZnS QDs (prepared 
as described in Hines, et al., J. Phys. Chem. 1996, 100, 468) in 1 .0 mL ofN,N,-dimethyl 
formamide (DMF; Aldrich) generating a clear, daric orange solution containing 3- 
mercaptopropionic acid functionalized QDs. The reaction occurred quickly. For 
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subsequent reactions, excess 3-meFcaptopropionic acid was not removed, and the 
particles were stored at room temperature in DMF. 

However, to characterize the QDs, a portion of tiie sample was purified by 
removing imreacted 3-mercapto-propionic acid as follows. A 0.S0 mL sample was 
centiifuged (4 hours at 30,000 rpm), and tiie siq)eniatant was removed. The remaining 
solution was washed with -0.3 mL of DMF and recentrifiiged. This step was repeated 
two additional times before recording the FITR spectrum . FIIR (polyethylene card, 
3M):1710cm-*(s), 1472cm-*(m), 1278 cm' (w), 11 89 cm' (m). 1045 cm' (w), 993 cm' 
(m), 946 cm ' (w), 776 cm ' (m), 671 cm ' (m). Unlike tiie TOP/TOPO stabilized native 
QDs, the 3-merc^topropionic acid modified QDs exhibited a characteristic Voo band at 
1710 cm'' for the surface bound propionic acid. 

Although the 3-mercaptopropionic acid modified QDs were practically insoluble 
in water, their solubility could be signrficantiy oihanced by deprotonating the sur&ce 
bound mercaptopropionic acid sites with 4-(dimethylamino)pyridine (DMA?; Aldrich) 
as described in tile next paragraph. The QDs then dispersed readily in water, producing 
orange solutions that were stable for up to a week at room tenq)erature. 

To attach oligonucleotides to QDs, ISO fiL (optical doisity at 530 nm =21.4) of 
a solution of tiie 3-merciq)topropionic acid fimctionalized particles in DMF were added 
to a sohition of DMAF (8.0 mg, 0.065 mmol) in 0.4 mL of DMF. An orange precipitate 
was formed. It was separated by cenlrifii^tion (-30 seconds at 3000 rpm) and (bsa 
dissolved in 1.0 mL of a solution of 3' propyltiiiol- or 5' hejqrltiiiol-terminated 
oligonucleotides (1 .0-2.0 ODs/mL; prepared as described in Example 1 ; sequences given 
below). Precipitate (dissolved in water) was characterized by IR spectroscopy 
(polyefliylene card, 3M). IR (cm '): 1647 (m), 1559 (s), 1462 (m), 1214 (w), 719 (w), 
478 (s). After standing for 1 2 hours, the oligonucleotide-containing solution was brought 
to 0.15 M NaCl, and the particles were aged for an additional 12 hours. The NaCl 
concentration was then raised to 0.3 M, and the mixture was allowed to stand for a 
further 24-40 hours before dialyzing against PBS (0.3 M NaCl, 10 mM phosphate 
buffer, pH 7, 0.01% sodium azide) using a 100 kDa membrane (Spectra/Por Cellulose 
Ester Membrane). The dialysis was carried out over a period of 48 hours, during which 
time the dialysis bath was refieshed three times. 
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Oligonucleotide-QD conjugates prepared in this manner displayed indefinite 
aqueous stability. Moreover, the coUoidremained strongly fluorescent, withasharp [fiiU 
width at half maximum (FWHM) = 33 nm], symmetrical emission at 546 nm (indicative 
of a -3.2 nm CdSe core; Murray et aL, J. ^n. Chem. Soc. 1993, 775, 8706). 

TwodifferentoUgonucleotide-QDcon|ugates woe prepared by this protocoland 
stored in PBS. One was modified with a 22nier, conq>rised of a propylthiol functionality 
at the 3'-end, a 12mer capture sequence, and an intervening 10 base (all A) q>acen S - 
TCTCAACTCGTAA,o-(CH2)j-SH [SEQ ID NO: 46]. TTie other employed a 5'- 
hexyithiol-terminated sequence, also with a 1 0 base (all A) spacer, and a 12m6r capture 
sequence which was non-complementaiy with &e 3'-propyldiiol sequoice: 5'-SH- 
(CH2)j-A,oCGCATTCAGGAT-3' [SEQ ID NO: 47]. 

C. Preparation Of OD Assemblies 

When approximately equal quantities of these two oligonucleotides (200nL, 
OD53o=0.224 and 0206, respectivety) were mixed and then combined with 6^L (60 
pmol) of a solution of a conqjlementary linking 24mer sequence (S*- 
TACX}AGTrGAGAATCCT-GAATGCXj-3', SEQ ID NO: 48), QD assemblies formed 
wilMa 20-30 minutes at room tenq)erature. Figure 26. Pastor linking took place M^ien 
the mixture was frozen (-78° C) and thm allowed to warm slowly to room tenq)erature. 

The clusters generated woe not large enougih to settle out of sohitiQa Howevor, 
they could be separated by centrifiigation at relatively low speeds (10,000 RPM for 10 
min), as compared with flie unlinked particles (30,000 KPM for 2-3 hours). 

The decrease in fluorescence iq)on hybridization was determined by integration 
of the fluorescence signal (320 nm excitation wavelength) fiom 475 nm to 625 nm of 4 
pairs of san^les. Each pair was prepared in the following manner. A solution of of 3' 
propylthiol-terminated DNA-modified particles (30 pL, optical density at 530 nm = 
0.224) was combined with a solution of 5' hexyldiiol-tenninated DNA-modified QDs 
(30 ^L, optical density at 530 nm = 0.206) in an Eppendorf centrifuge tube, and then 
diluted with 140 fiL of PBS. The mixture was then split into two equal portions, and 
conaq[>lementaiy "linker" DNA (3 pL, 30 pmol) was added to one, \<Aile non- 
complementary "linker" DNA (5'-CTACTrAGATCCX}AGTGCXX:ACAT-3', SEQ ID 
NO: 49) (3 ^L, 30 pmol) was added to the other. All eigjht of the samples were thai 
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fiozen in a dry ice/acetone bath (-78 'Q, after which Ihey were removed fiom the bath 
and allowed to warm slowly to room teaq)erature. To estimate the change in 
fluorescoice efficiency ngon hybridization, the fluorescence intensities of ttie "taigef ' 
(complementaiy "linker") samples were adjusted to account for the difference m 
absotbance at 320 nm fiom the corresponding control samples, which contained non- 
complranratary "linker". 

The results showed fliat hybridization of QD/QD assemblies was acconqjanied 
by a decrease in integrated fluorescence intensity by an average of 26.4 ± 6. 1%, and a 
~2 nm red shift of the CToission maximum, presimiably due to cooperative effects 
betwem QDs, Figure 27A. Interestingly, Bawendi, et al. noticed a similar, albeit sUghtly 
larger, red shift when comparing the fluorescence of close-packed QDs and widely 
separated dots isolated in a frozen matrix (Murray et al.. Science 199S, 270, 1335). 
These changes in the fluorescence spectra may be an indication of excimer formation 
between QDs, but the exact nature of such a complex is still largely a matter of 
speculation. As expected, no aggregation was observed when the "linker" was missing 
or not complementary, or when either one of the two types of particles was absent 

The "melting" behavior of the DNA was monitored by observing the UV-Vis 
spectra of the aggregates as a function of temperature. For this "melting" analysis, the 
precipitate containing the QD/QD assemblies was centrifoged at 10,000 ipm £or 10 
minutes, washedwith7fiLofPBS,recentrifuged,andsuspendedm0.7mLofPBS. The 
UVA^isible spectroscopic signature of flie assemblies was recorded at two degree 
intervals as the tenQ)erature was increased fiom IS'C to 7S''C, with a holding time of 
1 minute prior to eadi measurement The mixture was stirred at a rate of 500 ipm to 
ensurehomogeneitythroughoutflieexperiment Tenqieraturevsextiiiction profiles were 
then conq>iled fit)m flie extinction at 600 nm. The first derivative of these profiles was 
used to determine fiie "melting" temperatures. 

The results. Figure 27B (T„ = SVC), demonstrated conclusively that DNA. had 
been immobilized on the QD sur&ces and (hat hybridization was reqx>nsible for die 
assembly process. The transition also was extremely sharp when compared with DNA 
alone (FWHM of the respective first derivatives: 4°C vs 9°C), which is consistent witii 
the formation of an aggregate stracture with multiple DNA links per particle. An 
increase in extinction was observed upon denaturation, most likely because of a 
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screening effect whsKiby particles in the interiors of fte assemblies are pieYented fiom 
absorbing light by the surrounding QDs. 

D. Preparation Of OD/Gold Assemblies 
WidiDNA-iunctionalized QDs in hand, die assembly ofhybrid assonblies made 
fipom multiple types of nanoparticle building blocks became feasible. To prepare these 
hybrid assemblies, asolution of ~17nM3-h^lthiol-modified 13amgoldnanoparticles 
(30 pL, - 5 fimol; prepared as described in Example 3) was mixed with a solution of 5'- 
hexylthiol-traminated DNA-modified QDs (15 fiL, optical density at 530 mn = 0.206) 
in an Eppendorf centrifuge tube. "Linker" DNA (5 pL, 50 pmol) was added, and the 
mixture cooled to -78 °C, and then allowed to warm slowly to room tenq)etatut«, 
generating a reddish-purple precipitate. No aggregation behavior was observed unless 
both types of particles and a complementary target were ptesent After cenlrifugation 
(1 min at 3,000 rpm) and removal of the siq>ematant, the prec4)itate was washed with 
100 mL of FBS and recentrifiiged. 

For "melting" analysis, Ae washed precipitate was suspended in 0.7 mL of PBS. 
IJV-^^ spectroscopy was used to follow the changes in the surface plasmon resonance 
of the gold nanqparticles, so teQq>erature vs. extinction profiles were compiled at S2S 
nm. Using the sur&ce plasmon resonance of the gold nanoparticles provides a much 
more sensitive probe with which to monitor hybridization than does the UV-Vis 
spectroscopic signature of flie QDs alone. Therefore, a "melting" cxpenmeat can be 
performed on a much smaller sample (-10% of the QD solution is needed), allhou^ flie 
intensity of the plasmon band obscures the U\7Vis signal from tiie QDs. Similar to the 
pure QD system described above, a sharp (FWHM of the first derivative = 4.5 
melting transition occurred at 58 "C (see Figure 27D). 

High resolution TEM images of these assemblies showed a network of gold 
nanoparticles interconnected by multiple QDs, Figure 27C. The QDs, which have a 
much lower contrast intiie T^ image tiian goldnanopartides, can be identified by their 
lattice fiinges. They are just barely resolvable with tiie high resolution TEM, but clearly 
indicate the periodic structure of tiiese caDq)osife assonblies and the role tiiat DNA plays 
in forming them- 
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E. Snmmaty 

The results described in diis example definitively establish fbat the 
immobilization of DNA onto QD sui&%s has beoi adiieved and that these particles can 
now be used in combinatiQn wifli DNA undor hybridization conditions. Using DNA- 
fimctionalized QDs, the first DNA-diiected formation of QD and mixed gold/QD 
nanoparticle structures has been demonstrated. Hie successfiil modification of 
semiconductor QDs with DNA has significant implications for materials research, and 
flie door is now open for more extensive inquiries into the luminescent, electronic, and 
chemical properties of these unique building blocks as they are incorporated into new 
and fimctional multi-component nanosttuctures and nanoscale materials. 

Exanq>lel8: Methods of SynfliesizingOligonucleotide-Nanoparticle 

Conjugates And Hie Conhieates Produced B y The Mefliods 

A. General Methods 
HAuCVBHjO and trisodium citrate were purchased fi:om Aldrich chemical 
company, Milwaukee, WL Gold wire, 99.999% pure, and titanium wire were purchased 
fixmi Goldsmith Inc., Evanston, IL. Silicon wafers (100) with a 1 mioron thick oxide 
layer were purchased fam Silicon Quest InlematiQnal, Santa Clara, CA. S'-thiol- 
modifier C6-phosphoramidite reagent, S'-propyl^ol modifier CPG, fluorescein 
phosphoramidite, and otiber reagents required for oligonucleotide syndiesis were 
purchased fmrn Glen Research, Sterling, VA. All oligonucleotides were prepared using 
an automated DNA synthesizer (Expedite) using standard phosphoramidite chemistry 
(Eckstein, F. Oligonucleotides and Analogues; 1st ed.; Oxford University Press, New 
York, 1991). Oligonucleotides containing only 5' hexylthiol modifications were 
prepared as described in Example 1 . 5-(and 6)-carboxyfluorescein, succinimidyl ester 
was purchased from Molecular Probes, Eugene, OR. NAP-5 colunms (Sephadex G-25 
Medium, DNA grade) were purchased firam Pharmacia Biotech. Nanopure Hfi (>18.0 
M£2), purified using a Bamstead NANOpure ultrapure water system, was used for all 
experiments. An Eppendorf 54 ISC or a Beckman Avanti 30 centrifiige was used for 
caitiifiigarionofAunanoparticlesolutiQDs. High Perfonnance Liquid CSuomatogi^hy 
(HPLC) was performed using a HP series 1 100 HPLC. 
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B. Physical Measurements 
Electronic absorption spectra of the oligonacleotide and nanoparticle sohitions 
were recorded usmg a Hewlett-Packard (HP) 8452a diode array spectrophotometer. 
Fluorescence spectroscopy was performed using a Peddn-Elmer LS50 fhiorimetw. 
Transmission Electron Microscopy (TEM) was performed with a Hitachi 8100 
Transmission Electron Microscope operating at 200 kV. A Thermo Jarrell Ash 
AtomScan 25 atomic emission q)ectrometer with an inductively coupled plasma (ICP) 
source was used to detennine the atomic concaitration of gold in the nanoparticle 
solutions (gold emission was monitored at 242.795 nm). 

C. Synthesis and Purification of Fhiorescein-Labeled 
Allranrtliiol-Modified Qlip onncleotides 

Thiol-modified oligonucleotide strands containing 12 bases, witii 5' hexyltiiiol 
and 3' fluorescein moieties, were prepared. TTie sequence of the 12mffl- (S12F) was 
HS(CHj)6-5'-CGC-ATr-CAa<}AT-3'-(CH2)<rF [SEQ ID NO:50]. The tiriol-modified 
oligonucleotides were prqpared as described m Stoihofr et al., J. Am. Chem.Soc 
120:1959-1964 (1998). An amino-modifier C7 CPG solid support was used in 
automated synthesis, and the 5' terminus was manually modified with hej^ltiiiol 
phosphoramidite, as describedpreviously. The 3' amino, 5'trityl-protectedfhiol modified 
oligonucleotides were purified by reverse-phase HPLC using an HP ODS Hypersil 
column (5 mm, 250 x 4 mm) wifli 0.03 M trietiiyl ammonium acetate (TBAA), pH 7 and 
a 1% / minute gradient of 95% CHjCN / 5% 0.03 M TEAA at a flow rate of 1 mL/min., 
while monitoring the UV signal of DNA at 254 nm The retention time of tiie 5'-S-trityl, 
3' amino modified 12-base oligonucleotides was 36 minutes. 

The lyophilized product was redispersed in 1 ml of 0.1 M NajCOj and, wdiile 
stirring in the dark, 100 of 10 mg/ml succinimidyl ester of fluorescein (5,6 FAM-SE, 
Molecular Probes) in dry DMF was added over 1 .5 hours according to the directions of 
the manufecturer (Molecular Probes literature). The solution was stirred at room 
tranperature for an additional 15 hours, then precq>itated jQx>m 100% ethanol at -20 'C. 
The precipitate was collected by centrifugation, dissolved in H2O and tiie coupled 
product sq>arated fiom unreacted amino-terminated oligomicleotide by ion-exchange 
HPLC. A Dionex Nucleopac PA-100 column (250 x 4 mm) was opearated with 10 mM 
NaOH aqueous ehient and a 1% / minute gradiait of 1 M NaQ/lOmM NaOH at a flow 
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rate of 0.8 mL/miniite. Retention time of S'-S-trityl, 3' fluorescein modified 12mer was 
50 minutes. The oligonucleotide product was desalted by reverse-phase HPLC. 
Removal of the trityiprotectiongroup of die fluorescein-tenninated, trityloligonucleotide 
was performed using silver nitrate and difhiottneitol (DTT) as previously described 
(Storhoff et aL, J. Am. Chem.Soc. 120:1959-1964 (1998)). ITie yield and purity of the 
oligonucleotides w«e assessed usmg the techniques previously described for alkylthiol 
oligonucleotides (Stoihoff et al., J. Am, ChenuSoc. 120:1959-1964 (1998)). 
Oligonucleotides were used immediately after detiitylation of the thiol groiq>. 



D. Svnfeesis and Purificatio n of Fhiorescein Labeled Oligonucleotides. 
The fluorophore labeled complement (1210 consistedof 12 bases 3'-<jCG-TAA- 
GTC-CTA-54CH2)5-F[SEQIDNO:51]complementarytolhel2mersequenceofS12F. 
The oligonucleotide was synthesized using standard methods, and a syringe-based 
procedure, similar to the procedure reported above for the 5' alkylthiol modification, was 
used to coiq)le fluorescein phosphoramidite (6-FAM, Glen Research) to the 5' end of flie 
CPG-bound oligonucleotide. Purification was performed using reverse-phase HPLC as 
above. The fluorescein-labeled oligonucleotide had a retention time of 18 min. The 
fluorophore labeled con5)lement, 3'12F (5'-ATC-CTG-AAT-GCG-F; [SEQ IDNO:52]) 
was pr^aied using an amino-modifier C7 CPG solid siq>port for automated synthesis, 
followed by coiq[>ling of S-(6)-carboxyflu(xescein sucdnimidyl esto: to tiie 3' amine 
using the procedure described above. 



Gold nanoparticles wore prepared by dtiste reduction of HAuCli as described 
inExaniple 1. Transinis8ionEleclronMcrosc<qpy(Tm4)performedwithaHitachi8100 
TEM was used to determine the size distribution of die resulting nanoparticles. At least 
250particlesweresizedfromTEMnegativesusmg graphics software (LnageTool). The 
average diameter of a typical particle preparation was 15.7 ± 1.2 nm. Assuming 
spherical nanoparticles and density equivalent to that of bulk gold (19.30 g/cm^), an 
averagemolecularwei^tperparticlewascalculated(2.4x lO'g/mol). Theatomicgold 
concentration in a solution of gold nanoparticles was determined by IC3P-AES 
(inductively coupledplasmon atomic emission spectroscopy). A gold atomic absorption 
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standard solution (Aldrich) was used for calibration. Comparison of atomic gold 
concentration in the particle solution to the average particle volume obtained by TEM 
analysis yielded the molar concentration of gold particles in a givoi preparation, 
typically -10 nM. By measuring the UV-vis absoibance of nanoparticle solutions at the 
surface plasmon fiequency (520 mn), the molar extinction coefficioits (e at 520 nm) 
were calculated for tiie particles, typically 4.2 x 10* NT' cm'^ for 15.7 ± 1.2 nm diameter 
particles. 

F. Preparation nf flnlH Thin Films 
Silicon wafers were cut into ~10 mm x 6 mm pieces and cleaned with piranha 
etch solution (4: 1 concentrated HjSO^: 30% KLjOj) for 30 min at 50 *C, then rinsed with 
copious amounts of water, followed by ethanol. (Warning: piranha etch solution reacts 
violently with organic materials and should be handled with extreme caution.) Metal 
was deposited at a rate of 0.2 nm/s using an Edwards Auto 306 evaporator (base pressure 
of3xlO'^milh1)ar)equqq>edwitfaanEdwardsFIM6quartzciystdmicn>balance. The 
oxidized sides of die silicon were coated with a Ti adhesion li^ of 5 nm, followed by 
200 mn of gold. 

G. Preparation of 5' Alkvltfaiol OHgonncleotid&.Modifie d Gold Nanoparticles. 
Gold nanoparticles woe modiiBed with fluorescein-alkyldiiol oligonucleotides 
by adding fleshly dqnntected oligonucleotides to aqueous nanoparticle solution (particle 
conceiitration~10nM)toafinaloligonucleotideconcentrationof3|iM. AftBr24 hours, 
tiie solution was buffered at pH 7 (0.0 1 M phosphate), and NaCl sohition was added (to 
final concentration of 0. 1 M). The solution was allowed to 'age' under tiiese conditions 
for an additional 40 hours. Excess reagents were tiien removed by centrifugation for 30 
minutes at 14,000 rpm. Following removal of the si:q>ematant, the red oily precipitate 
was washed twice with 0.3 M NaCl, 10 mM phosphate buffer, pH 7, solution (PBS) by 
successive centrifugation and redispersion, then finally redispersed in fi:esh buffer 
solution. Invariably, a small amount (~ 10% as determined by UV-vis spectroscopy) of 
□anoparticleisdiscardedwiththesupernatantduringtiiewashingprocedure. Therefore, 
final nanoparticle concentrations were determined by TEM, ICP-AES, and UV-vis 
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spectroscopy (see above). Extinction coefficients and particle size distributions did not 
change significantly as a result of die oligonucleotide modification. 

H. Preparation of 5' Allcvllhiol OUgonucleotidfi-Modified Gold Thin Films 
Silicon supported gold fliin films were immersed in deposition solutioiis of 
deprotected alkyl^ol modified olig(Miucleotides for equal times and buffer conditions 
as for the gold nanoparticles. Following oligonucleotide deposition, the fihns vrecc 
rinsed ext^ively with 0.3 M PBS and stored in buffer solution. Gold was evaporated 
on one side only, leaving anunpassivated silicon/silicon oxide &ce. However, all^lthiol 
modified DNA did not adsorb iqipreciably to bare silicon oxide sur&ces tiliat were rinsed 
with PBS. 

I. Quantitation of Alkvlthiol-Qligonucleotides Loaded on Nanonarticles 
Mercaptoethanol (ME) was added (final concentration 12 mM) to fluorophore- 
labeled oligonucleotide modified nanoparticles or thin films in 0.3 M PBS, to displace 
the oligonucleotides. After 1 8 hours at room tenq>erature with intermittent shaking, the 
solutions containing displaced oligonucleotides were separated fix)m the gold by either 
centriiugation of the gold nanoparticles, or by removal of the gold thin film Aliquots 
of the siq>ematant were diluted two-fold by addition of 0.3 M PBS, pH 7. Care was 
taken to keep the pH and ionic strength of the saiiq)le and calibration standard solutions 
tiie same for all measuremraits due to the sensitivity of tiie optical properties of 
fluorescein to these conditions (Zhao et aL, Spectrochimica Acta 45A:1 113-1 116 
(1989)). The fluorescoice maxima (measured at 520 nm) were converted to molar 
concaitrations of the fluorescein-alkylthiol modified oligonucleotide by interpolation 
from a standard linear calibration curve. Standard curves were prepared with known 
coricentrations of fhiorophore-labeled oligonucleotides using identical buffer and salt 
concentrations. Finally, the average number of oligonucleotides per particle was 
obtained by dividuig tiie measured oligonucleotide molar concentration by the original 
gold nanoparticle concentratioiL Normalized sur&ce coverage values were dien 
calculated by dividing by tiie estimated particle sur&ce area (assuming spherical 
particles) in the nanoparticle solutiotL The assunoption of roimdness is based on a 
calculated average roundness fiu:tor of 0.93. Roundness &ctor is computed as: (4 x pi 
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X AreaV^iaimeter x 2) taken fix>in Baxes, Gregoiy, Digital Mage Processing, p. 157 
(1994). 

J. Ouaatitation of Surface Coverage 
Citrate stabilized goldnanopaiticles were fuiwtionalized with 12merflaoiescein- 
modified alkylthiol DNA (HS-(CHj)«-5'-CGO-ATT-CAG-GAT-(CH2)4-F [SEQ ID 
NO:50]). Surface coverage studies were then performed by thoroughly rinsing away 
non-chemisoibed oligonucleotides, followed by removal of the fluorophore-Iabeled 
oligranicleotides fiom die gold smface, and quantitation of oligonucleotide concentration 
using fluorescence spectroscopy (as described above). 

Removal of all the oligonucleotides ficom the gold surface and subsequent 
removal of gold nanoparticles from the solution is critical for obtaining accurate 
coverage data by fluorescence for several reasons. First, the fluorescence signal of 
labeled, surface bound DNA is efiGciently quenched as a result of fluorescence resonance 
en^gy transfer (FRET) to the gold nanoparticle. Indeed, there is almost no measurable 
signal for fluorescein-modified oligonucleotides (12-32 micleotide strands, sequences 
are given above) after tiiey are immobilized onlS.7±12nm gold nanoparticles and 
residual oligonucleotide in solution is washed away. Second, die gold nancqiarticles 
absorb a significant amount of light between 200 nm and 530 nm, so their presence in 
solution during fluorescence measuiCTients acts as a filter and diminishes the available 
excitationenergy,aswellasflieintensityofemittednuiiatioa The gold surface plasmon 
band at 520 nm falls at Hbe emission maximiiin of fluorescein. 

Mrax^toeflianol (ME) was used to rq>idly di^lace flie surface bound 
oligonucleofides by an exchange reaction. To examine the displacement kinetics, 
oligonocleotide-modified nanoparticles were eiq^sed to ME (12 mM) for increasing 
periods of time prior to centrifiigation and fluorescence measurements. The intensity of 
fluorescence associated with the solution free of nanoparticles can be used to determine 
how much oligonucleotide was released fiom die nanoparticles. The amount of 
oligonucleotide freed in exchange witifci ME increased until about 10 hours of exposure 
(Figure 29), ^ch is indicative of complete oligonucleotide displacement The 
displaconent reaction was rapid, vfbisHi is presumably due to tiie inability of the 
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oligDnucleotide film to block access of tiie ME to tibe gold sur&ce (Biebuydc et al., 
Langimdr 9:1766 (1993)). 

The average oligonucleotide sm&ce coverage of alkyltihiol-modified 12iner 
oligonucleotide (S12F) on gold nanopaiticles was 34 ± 1 pmol/cm' (average often 
independent measurements of tfie sample.) For 15.7 :t 1.2 mn diameter particles, ibis 
corresponds to roughly 159 thiol-bound 12mer strands per gold particle. Despite slight 
particle diameter variation fiom batch to batch, the area-normalized sur&ce coverages 
were similar for different nanoparticle preparations. 

In order to verify ttiatdiis method is useful for obtaining accurate oligonucleotide 
surface coverages, it was used to displace flourophore-labeled oligonucleotides fiom 
gold thin films, and the siuface coverage data was compared with experiments aimed at 
getting similar information but witibi different techniques. Intiiese e)q)eriments, gold thin 
fihns were subjected to a similar oligonucleotide modification and MB displacement 
procedure as the citrate stabilized gold nanoparticles (see above). The oligonucleotide 
displacement versus time curves for die gold thin filma are very similar to diose 
measured for gold nanoparticles. This suggests a similar rate of displacement fiw- the thin 
fihns, even though the typical sur&ce coverage vahies measured for tiiese fihns were 
somewhat lower fiian the oligonucleotide coverages on gold nanoparticles. Tmportantlly, 
the oligonucleotide surfiice coverages on gold thm films measured by our technique (18 
± 3 pmol/cm^ fidl within the range of previously reported coverages on oligonucleotide 
thin fihns (10 pmol/cm' for a 25 base oligonucleotide on gold electrodes determined 
using electrochemistry or surface plasmon resonance spectroscopy (SPRS) (Steel et aL, 
Anal. Chem. 70:4670-4677 (1998)). Differences m surfitce coverages are expeebed due 
to different oligonucleotide sequences and lengths, as well as film preparation methods. 

K. Effect of Electrolvte Conc entration During OUgonucleotide Attachment 
In working with the S12F sequ«ice a salt aging step was foxmd to be crucial in 
obtaining stable oligonucleotide modified nanoparticles (see Example 3). The gold 
nanoparticles modified wifli S12F in pure water fiised together irreversibly to form a 
black precipitate upon centrifugation, while those aged in salt resisted aggregation when 
centrifuged, even in high ionic strengtii solutions. It is believed that the mcreased 
stability is due to higher oligonucleotide surface coverages \<diich leads to greater steric 
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and electrostatic protection. The effect of electrolyte conditions on oligonucleotide 
sui&ce loading was investigated. A thiol-modifiied oligonucleotide witii 5' h^tiiiol 
and 3' fluorescein moities was prepared and attached to gold nanqparticles as described 
above, and the sur&ce coverage of tiiese oligonucleotides on die nanoparticles was 
quantitated as described above. The results are shown in Table 7 below. Final sur&ce 
coverages for gold nanoparticles vdiich were exposed to oligonucleotides m water for 48 
hours are much lower (7.9 ± 0.2 pmol/cm^ compared to those that were 'aged' in salt 
(0. IM NaCl), or prepared by increasing the salt concentration gradually over the course 
of the final 24 hours of the experiment (final concentration of 1 .0 M NaCl). 

It is important to note that gold nanoparticles as synthesized irreversibly 
agglomerate even in very low ionic strength media. Indeed, they are naturally 
inconqiatible with salts and especially polyanions such as oligonucleotides. This aging 
treatment is essential for preparing stable oligonucleotide particles. Therefore, tiie 
particles must be initially modified with alkyltfaiol oligonucleotides in water prior to 
increasing the ionic strength. It is likely that oligonucleotides initially lie flat, bound 
through weak interactions of the nitrogenous bases with gold. A similar mode of 
mteraction has been proposed for oligonucleotides on tbin films (H^e et aL, Am. 
ChenuSoc. 119:8916-8920(1997)). However, tiie interaction between oligonucleotides 
and tiie positively charged nanopartide sur&ce (Weitz et al., Surf. So. 158:147-164 
(198S)) is e7q)ected to be even stronger, hi the aging step, the hig^ ionic strengtii 
medium effectively screens diaige repulsion between neighboriiig oligonucleotides, as 
well as, attraction between the polyanionic oligonucleotide and tiie positively charged 
gold sur&ce. This allows more oligonucleotides to bind to the nanopaiticle sur&ce, 
therd>y increasiag oligonucleotide sur&ce covoage. 



TABLE 7 


Buffer conditions during adsorption of alicylthiol DMA 


Surface Coverage (pmol/cm^ 




7.9 ±0.2 


0.1 NaCl, 10 ml^ phosphate 


15±4 


1.0 M NaCl. 10 mM phosphate 


20 + 2 
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Example 19: Gene Chin Assay 

An ultraselective and ultrasensitive method for analyzing combinatorial DNA 
arrays using oligonucleotide-functioDalized gold nanpparticles is described in Has 
exanq)le. An unusually nanow ten^eratuie range for thermal dissociation of 
nanoparticle-target complexes pomits flie disoimination of a given oligonucleotide 
sequmce ftwn targets with single nucleotide mismatches with extraoidiaary selectivity. 
In addition, when coiq>led with signal amplification method based on nanoparticle- 
catalyzed reduction of silver(l), the sensitivity of tiiis nanoparticle array detection system 
exceeds fliat of the analogous, conventional fluorophore system by two orders of 
magnitude. 

Sequence-selective DNA detection has become increasingly in^x>rtant as 
scientists unravel the genetic basis of disease and use this new information to in^rove 
medical diagnosis and treatment Commonly used heterogeneous DNA sequence 
detection systems, such as Southem blots and combinatorial DNA chips, lely on the 
specific hybridi2ation of surfece-bound, single-strand capture oUgonucleotides 
complementary to target DNAs. Both the specificity and sensitivity of these assays are 
dependent upon ihe dissociation properties ofcaptme strands hyhridized to peifecdy- 
matched and mismatched targets. As described helow, it has surprisingly been 
discovered that a single type of nanpparticles hyhridized to a substrate exhibits a melting 
profile that is substantially sharper tiian botii tbe analogous fiuorDphore-based ^stem 
and unlabeled DNA. Moreover, the melting temperature for tiie nanoparticle duplex is 
11 degrees higher than for the analogous fluorophore system witii identical sequences. 
These two observations, combined with tiie development of a quantitative signal 
amplification method based upon nanoparticle catalyzed reduction of silver(I), have 
allowed the developmoit of a new chq)-based detection system for DNA that has single- 
base mism a t ch selectivity and a sensitivity that is two orders of magnitude more sensitive 
tban the conventional analogous fluorescence-based assays. 

Gold nanopaiticles (13 nm diameter) having oligonucleotide attached to them 
prepared as described in Example 3 wrae used to indicate the presence of a particular 
DNA sequence hybridized to a tranqwirent substrate in a three-component sandwich 
assay format (see Figure 30), In a typical expmmen^ a substrate was febricated by 
functionalizing a float glass microscope slide (Fisher Scioitific) with amine-modified 
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probe oligonucleotides as desaibed in Exanq>le 10. This method was used to generate 
slides functionalized with a single type of oligonucleotides over tiieir oitiie surfiu:e or 
in anays of multiple types of oligonucleotides spotted with a commercial microaxrayOT. 
Nanoparticles having indicator oligonucleotides attached to them and synthetic 30-mer 
oligonucleotide targets (based on the anduax protective antigen sequence) were then 
cohyiHidized to these substrates (see Figure 30). Tbexe&XK, the presence of 
nanoparticles at fha sur&ce uidicated Has detection of a particular 30-base sequence. At 
high target concentrations (i 1 nM), the high density of hybridized nanoparticles on the 
sur&ce made the surface appear light pink (see Figure 31). At lower target 
concentrations, attached nanoparticles could not be visualized with the naked eye 
(although they could be imaged by field-emission scanning electron microscopy). In 
order to fecilitate the visualization of nanoparticles hybridized to the substrate surfece, 
a signal amplification method in which silver ions are catalj^cally reduced by 
hydroquinone to form silver metal on the slide sur&ce was employed. Although diis 
method has been used for enlargement of protein- and antibody-conjugated gold 
nanoparticles in histochemical microscopy studies (Hacker, in Cottoidal Gold: 
Principles. Methods, and Applications, M. A. Hayat, Ed. (Academic Press, San Diego, 
1989), vol. 1, chap. 10; Zehbe et aL, Am. J. Pathol. 150, 1553 (1997)) its use m 
quantitative DNA hybridization assays is novel (Tomlinson et al., Anal. Biochenu, 
171:217 (1988)). Not only did this method allow very low sur&ce coverages of 
nanoparticle probes to be visualized by a sinq>le QsAod scanner or the naked eye OFigure 
3 1), it also permitted quantification of target hybridization based on the optical density 
of the stained area (Figure 32). Significantly, in the absence of tins target, or in the 
presence of nonconq)lemenitary target, no staining of the surfiice was observed, 
demonstrating diat neitiier nonspecific binding of nanc^articles to the sur&c^ nor 
nonspecific silver staining, occurs. This result is an extraordinary feature of these 
nanopaiticle-oligoinicleotide conjugates which enables uUra-sensitive and -selective 
detection of nucleic aicds. 

It has been determined that the unique hybridization properties of 
oligonucleotide-iunctionalized nanoparticles of the present invention can be fiirther used 
to improve the selectivity of combinatorial oligonucleotide arrays (or "gene chips") 
(Fodor, Science 277, 393 (1997)). The relative ratio of target hybridized to different 
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elements of an oligonucleotide array will determine the accuracy of the anay in 
detenuioing the target sequoice; Hm ratio is dependent upon tiie hybridizationproperties 
of the duplex formed between different cq)ture strands and the DNA target 
Ronaikably, these hybridization properties are dramatically inqproved by the use of 
nanoparticle labels instead of fluorophore labels. As shown in Figure 33, the 
dehybridization of nanoparticle-labeled targets firom sur&ce-bound capture strands was 
much more sensitive to tenq>erature than that of fluorophore-labeled targets with 
identical sequences. While flie fluorophore-labeled targets dehybridized fmm surfece 
c^ture strands over a very broad temperature range (first derivative FWHM =16 °C), 
identical nanoparticle-labeled targets melted much more sharply (first derivative FWHM 
= 3 °C). It was anticipated that these sharpened dissociation profiles would improve the 
stringency of chip-based sequence analysis, which is iisually effected by a post- 
hybridization stringency wash. Indeed, the ratio of target hybridized to complementary 
surface probes to that hybridized to mismatched probes after a stringency wash at a 
specific temperature (represented by the vertical lines in Figure 33) is much higher with 
nanoparticle labels than fluorophore labels. This should translate to higher selectivity 
in chip detection formats. In addition, nanoparticle labels should increase array 
sensitivity by raising flie melting tenqjerature (TJ of surfece duplexes, which lowers tiie 
critical concentration below wbicb. duplexes spontaneously melt at room temperature. 

In order to evaluate tibie effectiveness of nanoparticles as colorimetric iiulicators 
for ohgonucleotide arrays, test chips were probed with a synthetic target and labeled with 
both fluorophore and nanoparticle mdicators. The test arrays and oligormcleotide target 
were febricated according to published protocols (Quo et aL, Nucl. Acids Res.y 22:S4S6 
(1994); arrays of 175 fun diameter spots separated by 375 lun. were patterned usmg a 
Genetic Microsystems 417 Microarrayer). Arrays contained four elements 
corresponding to fbs each of the four possible nucleotides (N) at position 8 of the target 
(see Figure 30). The synthetic target and eiflier fluorescent-labeled or nanoparticle- 
labeled probes were hybridized stepwise to arrays in hybridization buffer, and each step 
was followed with a stringency buffer wash at 35 "C. First, 20 jiL of a 1 nM solution of 
synthetic target in 2 X PBS (0.3 M NaCl, 1 0 mM NaH2P04/Na2HP04 buffer, pH 7) was 
hybridized to the array for 4 hours at room temperature in a hybridization chamber 
(Grace Bio-Labs Cover Well PC20), and tiien washed at 3 5°C witfi clean 2 X PBS buffer. 



wo 01/00876 



PCT/USOO/17507 



104 

Next, 20 of a 100 pM sohitioa of oligonucleotide-jEuiictioiialized gold nanoparticles 
in 2 X PBS was hybridized to the anay for 4 hours at room temperature in a fiesh 
hybridization chamber. The array was washed at 35'C with clean 2 X PBS, then twice 
with 2 X PBN (0.3 M NaNOj, 10 mM NaHjPOyNajHPO^ buffer, pH 7). Then, (he 
nanoparticle arrays were immersed in a silver ao^lification solution (Sigma Chemical, 
Silver Kihancer Solution) for 5 min and washed with water. Silver anq>Ufication 
darkened the array elements considerably, and 200 ^m diameter elemrats could be easily 
imaged with a flatbed scanner or even the naked eye. 

Arrays challenged with the model tai^et and nanoparticle-labelcd probes and 
stained with the silver solution clearly exhibited highly selective hybridization to 
complementary array elements (Figure 34A). Redundant spots of the same capture 
sequence showed reproducible and consistoot hybridization signal No background 
adsorption by oaaoparticles or silver stain was observed; flie image greyscale value 
reported by the flatbed scanner is die same as that observed for a clear microscope slide. 
The darker spots corresponding to adenine at position 8 (N=A) indicate that 
oligonucleotide target hybridized preferentially to perfectly complementary captiae 
strands over mismatched ones, by a greater than 3:1 ratio. In addition, integrated 
greyscale vahies for each set of spots follows fhs predicted stability of the WatsourCrick 
base pairs, A:T > G:T > C:T > T:T (AUawi et aL, Biochemistry 36, 10581, (1988)). 
Normally, G:T mismatches are particularly difBcult to disdriminate fiom A:T 
con^lemenls (Saiki et al., iaMutation Daection, C!otton et al., eds. (Oxford Univeisity 
Press, Oxford, 1998), chap. 7; S. Ikuta et al., Nucl. Acids Res. 15, 797 (1987)). and the 
distinction of these two array elements demonstrates die remarkable resolving power of 
nanoparticle labels in singile nucleotide mismatch detection. The selectivity of die 
nanoparticle-based arrays was higher than that of die fluorophore-tndicated arrays. 
Figure 34B; fluorophore labels provided only 2: 1 selectivity for adenine at position 8. 

The assays utilizing nanoparticle-labeled probes were significandy more sensitive 
than fliose utilizing fluorophore-labeled probes. Hybridization signal could be resolved 
at the N=A elements at target concentrations as low as 50 fM (or, for a hybridization 
chamber containing 20 fiL of solution, 1 x 10^ total copies); this represents a dramatic 
increase in sensitivity over common Cy3/Cy5 fluorophore-labeled arrays, for which ~ 
1 pM or greater target concentrations are typically requued. The higher melting 
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temperatures observed for nanoparticle-taiget CQiiq)leKes immobilized on smfeces 
undoubtedly contribute to array sensitivity. ITie greater stability of the piobe/taiget/ 
sui&ce-oligonucleotide coniplex in flic case of the nanqparticle system as conq>aied wifli 
the fluorophore Systran presumably results in less target and probe lost during washing 
steps. 

Colorimetric, nanopaiticle labeling of combinatorial oligonucleotide arrays will 
be useful in plications such as single nucleotide polymorphism analysis, where single 
mismatch resolution, sensitivity, cost and ease of use are important fectors. Moreover, 
tiie sensitivity of this system, which has yet to be totally optimized, points toward a 
potential method for detecting oligonucleotide targets widiout the need for target 
ampUficatioa schemes such as polymerase diain reaction. 

Example 20: Nanoparticle Structures 

The reversible assembly of supramolecular layered gold nanoparticle structures 
onto glass supports, mediated by hybridized DNA linkers, is described. Layers of 
oligonucleotide-functionalized nanoparticles were successively attached to 
oligonucleotide-functionalized glass substratBsinthepresenceofacouQilementaiy DNA 
linker. The unique recognition properties ofDNA allowthe nanoparticle stractures to be 
assembled selectively in the presence of the coinplementary linker. In addition, tiie 
structures can be assembled and disassembled in response to external stimuli ^ch 
mediate hybridization of the linking duplex DNA, including sohition tenq>erature, pH, 
and ionic strength. In addition to offering a very selective and controlled way of building 
nanoparticle based architectures on a solid siqiport, this system allows one to study the 
fictors &at influence both the optical and melting iHoperties of nanoparticle network 
structaires linked with DNA. 

Otiiers have demonstratedhowbifimctiQnaloiganic molecules (Gittins etal.,^<A'. 
Mater. 11:737 (1999); Brust et al., Langmuir 14:5425 (1998); Bright et al., Langmuir 
14:5695 (1998); Giabar et aL, J. Am. Chem. Soc. 118:1148 (1996); Freeman et aL, 
Science 267:1629 (1995); Schmid et aL,Angew. Chem. Int Ed, Engl. 39:181 (2000); 
Marinakos et al., Chem. Mater. 10:1214 (1998)) or polyelectrolytes (StoAofFet al., J. 
Am, Chem. Soc. 120:1959 (1998); Storfao£FetaL,y. Cluster Sci. 8:179 (1997); Elghanian 
et al.. Science 277:1078 (1997); Mirkin et aL, Nature 382:607 (1996)) can be used to 
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contiollably construct mono- and multilayered nanopaiticle noaterials off of p lanar 
substrates. The attractive feature of using DNA as a nanoparticle interconnect is tibat one 
can synthetically program intraparticle distances, particle periodicities, and particle 
compositions tfirough choice ofDNA sequence. Moreover, one can utilize the reversible 
binding properties of oligonucleotides to oisure the formation of thermodyanamic rather 
fban kinetic structures. In addition to providing a new and powerful metibiod for 
controlling the growtii of nanoparticle-based architectures from solid substrates, this 
strategy also allows one to evaluate the relationship between nanoparticle aggregate size 
and both melting and optical properties of aggregate DNA-interlinked structures. An 
understanding of these two physical parameters and their relationship to materials 
architecture is essential for utilizing nanoparticle network materials, especially in tfie 
area of biodetection. 

The oligonucleotide-functionalized, 13-nm-diameter gold nanoparticles used to 
constmct the multilayer assemblies were prepared as described in Exanq)les 1 and 3. 
Tlie nanoparticles had 5'-hexanelhiol-capped oligonucleotide 1 (5 '-HS(C3EIi)sO(P02')0- 
CGCATTCAGGAT-3' [SEQ ID NO:50]) and 3'-propanethiol-c^ed oligomicleotide 
2 (3'-HS(CH2)jO(PO,-)0-ATGCTCAACTCT-5' [SEQ ID NO:57]) attached to them to 
yield nanoparticles a and b, respectively (see Figure 35). Glass slides were 
functionalized with 12-mer oligonucleotide 2 as described in Example 10. To build 
nanoparticle layers, the substrates were first immersed in a 10 nM solution of 24-mer 
linker 3 (5'-TACGAGTTGAGAAT<XTGAATGCG-3' [SEQ ID NO:58]) and allowed 
tohybridizewi1hitfor4hoursatroomtenq>eratnre(seeFigure3S). The substrates were 
washed with clean buffer solution, and then hybridized with a 2 nM solution of particle 
a for 4 hours at room temperature to attach tiie first nanoparticle layer. A second 
nanoparticle layer could be attached to the first one by similarly e^qposing tiie sur&ce to 
solutions of linker 3 and nanoparticle b. These l^lnidization steps could be repeated to 
attach multiple, alternating lay^ of nanoparticles a and b, each layer coimected to the 
previous one by linker 3. In the absence of linker, or in the presence of 
noncomplementaiy ohgonucleotide, no hybridization of nanoparticles to the sur&ce was 
observed. In addition, multilayer assembly was only observed under conditions which 
promoted the hybridization of the DNA linkers: neutral pH, moderate salt concentration 
(> COS M NaQ), and a tenq)erature below the diqplex melting trarqierature (JJ. 
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Each hybridized nanoparticle layer imparted a deeper red color to fbs substrate, 
and after ten hybridized layers, the siq)porting glass slide sheared reflective and gold 
in color. Transmission UV-vis spectrosco|>y of the substrate was used to monitor flie 
successive hybridization of nanoparticle kyers to the surfece. Figure 36A. The low 
absoibance of the initial nanoparticle layer suggests tihat it seeded the formation of 
fiirtitier layers, which showed a near linear increase in the intensity of the plasmon band 
with each additional layer (for each successive nanoparticle layer formation, no 
additional absoibance was observed on ejqxjsure for longer times or to hi^er 
concentrations of eitilier linker 3 or nanoparticle solution). The linearity of the absoibance 
increase after the generation of the initial nanoparticle layer indicates fliat flie sur&ce 
was saturated with hybridized nanoparticles with each successive qjplication. Figure 
36B. This is supported by field-emission scanning election microscope (FE-SEM) 
images of one (Figure 37A) and two (Figure 37B) nanoparticle layers on a surface, which 
show low nanoparticle coverage with one layer, but near conqjlete coverage with two 
layers. The of the plasmon band for the multilayer assemblies shifts no more than 
10 nm, even after 5 layers. The direction of this shift is consistent with other 
e3q)erimental(0rabar etal.,J: C%em.5'oc. 118:1 148 (1996)) and theoretical (Quinten 
et al.. Surf. ScL 172:557 (1986); Yang et aL, J. Chem. Phys. 103:869 (1995)) treatments 
of gold nanoparticle aggregates. However, the magnitude of the shift is small conq>aied 
to that previously observed for suspensions of oligonucleotide-linked gold nanoparticle 
netwotks, which show > 570 nm (see previous examples). This suggests that many 
more linked nanoparticles — peih^ hundreds or tiiousands — are required to produce 
the dramatic color change fix>m red to bhie observed for gold nanoparticle-based 
oUgomicleotide probes. (StorhofFetal.,y.i4jn. Chem.Soc. 120:1959(1998); Storiioffet 
aL,/. Cluster Sci. 8:179 (1997); El^ianianetal., Science 277: 1078 (1997); Miikin etal., 
Nature392:601 (1996).). Siniace plasmon shifts for aggregated gold nanoparticles have 
been shown to be highly dependent on interparticle distance (Qumten et aL, Surf. Sci. 
172:557 (1986); StoihofiF et al,, J. Am. Chem. Soc., m press), and the large distances 
provided by oligonucleotide linkers (8.2 nm for this system)) significantly reduce the 
progressive effect of nanoparticle aggregation on the gold surface plasmon band. 

The dissociation properties of the assembled nanoparticle mnltil^ers were hi ghly 
dependent tq>on the numbra: of layers. When the multilayer-coated substrates were 
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suspended in buffer solution and the tranpoature raised above the of die linking 
oligonucleotides (53°C), flie nanoparticles dissociated into solution, leaving bdund a 
coloriess glass surfece. Increasing or decreasing the pH (>1 1 or <3) or decreasing Hie 
salt concentralion of the buffer suspension (below -0.01 M NaCl) also dissociated the 
nanoparticles by dehybridizing the linking DNA. Hie multilayer assembly was fiiUy 
reversible, and nanoparticles could be hybridized to, and dehybridized from, the glass 
substrates (e.g. three cycles were demonstrated with no detectable iireversible 
nanoparticle binding). 

Significantly, while all of the surface bound nanoparticle assemblies dissociated 
above the of the linking oligonucleotides, the sharpness of these transitions depended 
on the size of the supported aggregate. Figure 37D-F. Surprisingly, flie dissociation of 
the first nanoparticle layer from the substrate exhibited a transition (Figure 37D, FWHM 
of the first derivative = 5 "C) that was sharper ftan ttiat of the same oligonucleotides 
without nanoparticles in solution. Figure 37C. As more nanoparticle layers were 
hybridized to the substrate, the melting transition of the oligonucleotide-linked 
nanoparticles became successively sharpw CPigure 37E-F, FWHM of the first derivative 
= 3 until it matched that of the large nanoparticle network assemblies found in 
sohition. (Gittins et aL, Adv. Mater. 11:737 (1999); Brust et aL, Langmidr 14:5425 

( 1 998) ). These expexuaeats confirm Oat more than two nanoparticles and multiple DNA 
intraronnects are required to obtain the pptimally sharp melting curves. They also show 
tiiat the optical changes in this system are conq>l6tely decoupled fiom die melting 
properties (i.e., small aggregates can give sharp transitions but still not change color). 

Exan9le21: Electrical Prooertieg of fiold Nanoparticle Assemblies 

Electron transport through DNA has been one of the most intensely debated 
subjects in chemistry over the past five years. (Kelley et al.. Science 283:375-381 

(1999) ; Turro et al., JBIC 3:201-209 (1998); Lewis et al., JBIC 3:215-221 (1998); 
Ratne^,M.^i7^wre397:480-481 (1999);Okahataetal..J.ilni. Chem. Soc. 120:6165-6166 
(1998)) Some claim that DNA is able to efiSdently transport elections, while odiers 
believe it to be an insulator. 

In a seemingly disparate field of study, a great deal of effort has been devoted to 
examining the electricalproperties of nanoparticle-based materials. (TerrilletaL,/..4jn. 
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ChenuSoc. 117:12537-12548 (1995);BrustetaL.i4A'.Mtfer. 7:795-797 (1995); Bethel! 
et al.,y. Electroanal. Chem. 409:137-143 (1996); Musick et al., Chem. Mater. 9:1499- 
1501 (1997); Brust et aL, Langnadr 14:5425-5429 (1998); CoUier et aL, Science 
277:1978-1981 (1997)). ladeed, many groiqps have explond ways to assemble 
nanqrarticles into two- and Huee-dimensianal netwoiks and have investigated the 
electronic properties of snch structures. However, virtually nothin g is known about the 
electrical properties of nanoparticle-based materials hnked ynHb. DNA. 

For the first time, in tiiis study, fibe electrical properties of gold nanoparticle 
assemblies, formed with diffoent length DNA interconnects have been examined. As 
shown below, these hybrid inorganic assemblies behave as semiconductors, regardless 
of oligonucleotide particle interconnect length over a 24 to 72 nucleotide range. The 
results reported herein indicate that DNA interconnects can be used as chemicalfy 
specific scaffolding materials for metallic nanoparticles without fo rming insiilatiT ug 
barriers between them and thereby destroying their electrical properties. These results 
point towards new ways such hybrid assemblies can be e^^loited as electronic materials. 

At the heart of this issue is the following question: Can nanoparticles assembled 
by DNA still conduct electricity or will tiieDNAinlerconnects,^ch are heavily loaded 
on each particle, (Mudc, R. C. Synthetically Programmable Nanoparticle Assembly 
UstngDNA. Thesis Ph. D., Northwestern University (1999)) act as insulating shells? The 
conductivities of these materials as a fimction of temperature, oligonucleotide lengdi, and 
relative humidity were examined. The DNA-linked nanoparticle structures were 
characterized by field emission scanning electron microscopy (E^SENQ, synchrotron 
smaU an^e x-ray scattering (SAXS) experiments, ttiermal denaturationprofiles, andUV- 
vis spectroscopy. 

fii a typical oqieriment (see Figure 38), citrate-stabiUzed 13 nm gold 
nanoparticles wa% modified with 3* and 5* alkanethiol-cq)ped 12-mer oligonucleotides 
1 (3' SH (CH2)30(PO^)0-ATGCrCAACrCT 5' [SEQ ID NO:57]) and 2 (5' SH 
(CH2)50(P02-)0-CGCATrCAGGAT 3' [SEQ ID NO:50]) as described in Exanqjles 1 
and 3. DNA strands with lengths of 24, 48, or 72 bases (3 
(S'TACGAGTTGAGAATCCTGAATGCGS' [SEQ ID NO:58]), 4 
(5'TACGAGTTGAGACCGTTAAGACGAGGCAATC-ATGCAATCCTGAATGCG 
3'[SEQroNO:59]),and5(5TACXjAGrrGAGACCGTrAAGACGAGGCAATCATG 
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CATATATTGGACGCrTTACGGACAACATCCTGAATGCG3'[SEQ ID NO:60]) 
were used as linkeis. Fillers 6 (3'GGCAATTCrGCrCCGTrAGTACXjT5'[SEQ ID 
N0:61]) and 7 (3'GGCAATTCTGCTCCGTTAGTACGTATATAACCTGCG 
AAATGCCTGTTG5' [SEQ ID NO:64]) were used with the 48 and 72 base linkeis. The 
DNA-modified nanoparticles and DNA linkers and fillers were stored in 0.3 M Nad, 10 
mM phosphate (pH 7) buffer (referred as to 0.3 M PBS) prior to use. To construct 
nanoparticle assemblies, 1-modified gold nanc^iaiticles (652 fil, 9.7 nM) and 2-modified 
gold nanoparticles (652 nl, 9.7 nM) were added to linker DNA 3, 4, or S (30 jil, 10 nM). 
After fiill precipitation, the aggregates were washed with 0.3 M C3I3COONH4 solution 
to remove excess linker DNA and NaCl. 

Lyophilization (10'^ -10"* torr) of the aggregate to dryness results in pellets and 
removal of the volatile salt, CH3COONH4. Unfunctionalized, citrate-stabilized particles, 
prepared by the Frens method, (Frens, Nature Phys. Sci. 241:20-22 (1973)) were dried 
as a film and used for comparison purposes. The resulting dried aggregates had a color 
resembling tarnished brass and were very brittle. FE-SEM images demonstrated that 
oligoQucleotide-modified nanoparticles remained intact upon drying, ^^lile citrate- 
stabilized nanoparticles fiised to one another. Significantly, the dried DNA-linked 
aggregates could be redispersed in 0.3 M PBS buffer (1ml), and exhibited excellent 
melting properties; heating such a dispersion to 60 °C resulted in dehybridization of the 
DNA interconnects, yielding a red solution of dispersed nanoparticles. This combined 
with^FE-SEMdataconclusivetydeinonstratedfliatDNA-modifiedgoldnanqpaiticles 
are not irreversibly aggregated tqxm drying. 

The electrical conductivities of the tiuree samples (dried aggregates linked by 3, 
4, and 5, respectively) were measured using a conqniter-controlled, fi>ur-probe technique. 
Electrical contacts consisted of fine gold wires (25 and 60 fim dianoteter) attached to 
pellets witii gold paste. Samples were cooled in a moderate vacuum (10^ to 10"^ torr), 
and conductivity was measured as the temperature was increased under a dry, low 
pressure of helium gas. The san:q>le chamber was insulated fiom light in order to 
eliminate possible optoelectronic effects. Excitation currents were kept at or below 100 
nA, and the voltage across the entire sanq)le was limited to a maTirmim of 20 V. 
Surprisingly, the conductivities of the aggregates formed fmm all three linkers, ranged 
fix>m 10'^ to lO'* S/cm at room temperature, and tiiey showed similar temperature 
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dependent behavior. The conductivities of flie DNA-linked aggregates showed 
Arrhenius behavior up to about 190% which is characteristic of a semiconducting 
material. Hiis is similar to the behavior of activated electron hopping observed in 
discontinuous metal island fihns (Barwinski, Ihin Solid FUms 128:1-9 (1985)). Gold 
nanoparticle networks linked by alkanedithiols have shown similar temperature 
dependence (Brust et al.. Adv. Mater. 7:795-797 (1995); BetheU et al., J. EhctroanaL 
Chan. 409:137-143 (1996)). Activation eneigies of charge tian^rt can be obtained 
fixnn a plot of hi o versus 1/T using equation (1). 

c = cjsxp\rEJ(JcTi\ (1) 

The average activation energies calculated from three measurements were 7.4 ± 0.2 meV, 
7.5 ± 0.3 meV. and 7.6 ± 0,4 meV for the 24-, 48-, and 72-mer linkers, respectively. 
Conductivity data from SCK to 150 "K were used for these calculations. 

Since the electrical properties of these types of materials should depend on the 
distance between particles, synchrotix)n SAXS experiments were used to determine 
inteiparticle distances of the dispersed and dried aggregates. The SAXS cxf^amaOs 
were performed at the Dupont-Northwestem-Dow Collaborative Access Team (DND- 
CAT) Sector 5 of the Advanced Photon Source, Argonne National Laboratory. DNA- 
linked aggregates and dihite samples of DNA-modified colloid were inadiated with an 
0.3 micron beam of 1.54 A radiation, and scattered radiation was collected on a CCD 
detector. The 2D data were chcularly averaged and biansfinmed into a function, / (s), 
of die scattering vector magnitude, s = 2sin(d)/A, where 2^ is the scattering angle and k 
is die waveloigtii of the incident radiation. All data were corrected for bad^round 
scattering and sanq)le absorption. The first peak position, ^ch is sensitive to 
inteiparticle distance, drastically changed ficom s vahies of 0.063 nm \ 0.048nm ', and 
0.037nm"' for the 24-, 48-, and 72-mer linked aggregates, respectively, to an j value of 
0.087 mn'' upon drying for all three aggregates structiues. This indicates (hat 
interparticle distances decreased significant!^ \xpon drying, to the point where die 
particles were ahnost touching, and tiiat such distances were virtually independent of 
linlrer lengtii, while tiiose m solution were highly dependent on linker length. This 
explains why sunilar activation energies were observed for the three diffCTent linker 
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systems in the dried pellet ccmductivity «q)eriments. Moreover, it also ocplains why 
relatively high conductivities were observed, regardless ofhow one views lbs electronic 
properties of DNA. Unlike the DNA-linked materials, the dried fihn of dtrate-stabilized 
gold nanppaiticles showed metallic behavior. This is consistent with Ac SEM data, 
which showed that such particles fiise together. 

Above IPO'K, the measured conductivities of the DNA-linked sanq)le8 showed 
an anomalous dipping behavior. For all samples, the conductivity started to deiaease 
abruptly at ^proximately 1 90 "K and continued to decrease until approximately 250 "K, 
at which point it increased again. To investigate this unusual behavior in detail, the 
electrical conductivity was measured as the sample was cooled and warmed repeatedly. 
Interestingly, the dip in conductivity only occurred in flie direction of increasing 
temperature. Since DNA is hydrophilic and water could potentially affect the electrical 
properties of the hybrid stractures, the effect of relative humidity on the conductivity of 
the gold aggregates was examined. The resistance increased by a &ctor of 10 with 
mcreasing humidity from 1% to 100%. It should be noted that the characteristic dq> was 
very weak ^en ttie sample was kept in vacuum (10^ Torr) for 48 hours priw to the 
conductivity measuremoii From these observations, it was conchided that the unusual 
dq> and subsequent rise in conductivity above 190°K is associated witii water melting 
and tiie hygroscopic nature of the DNA, which temporarily increased the inteiparticle 
distance (until eviqxtration took place). Consistent with tiiis hypothesis, SAXS 
measurements on a dried aggregate fliat was wetted with 0.3 M PBS buffer showed a 
200% increase in interparticle distance (~2 nm). 

These studies are m^ortant for the following reasons. First, they show that one 
can use flie molecular recognition properties of DNA to assemble nancqrarticle-based 
materials without passivating them or destroying Husk discrete structural or electrical 
properties. If these DNA-fimctionalized particles are to be used to study electrical 
transport in diree-dimensiooal macroscopic assemblies or even lithogr^hically patterned 
structures (Finer et al., Science 283:661-663 (1999)), it is imperative that dieir electrical 
transport properties be delineated. Second, it shows that over a feirly long linker distance 
(8 - 24 nm), the conductivities of the dried assemblies are virtually independent of DNA 
linker length. This is Ukely a result of the removal of water and the use of a volatile salt 
in tiiese e}q>eriments; indeed, the free volume created by rranoval of solvent and salt 
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allows fhe DNA to be conqiressed on the sur&ce and close qiproach of the particles 
within the aggregates. Third, the aggregates with the DNA-protected nanoparticles 
behave as semiconductors, while fihns formed fiom citrate-stabilized particles exhibit 
irreversible particle fusion and metallic behavior. Finally, these results point toward die 
use of these materials m DNA diagnostic appUcations where sequence specific binding 
events betwemnanoparticles fhnctionalized witfaoligtmucleotides and target DNA efifect 
the closmg of a curaiit and a dramatic mcrease m conductivity (Le. fiom an insulator to 
a semiconductor) (see next example). 

Example 22: Detection Of Nucleic Acid Using Gold R1ftrtmrf.vQ 

A method of detecting nucleic acid using gold electrodes is ilhastrated 
diagramaticaUy in Figure 39. A glass surfece between two gold electrodes was modified 
with 12-mer oUgonucleotides 1 (3- NH2(CH^0(P0*^)0-ATG-CTC-AAC-TCT [SEQ ID 
NO:57]) complementary to target DNA 3 (5* TAG GAG TTG AGA ATC CTG AAT GCG 
[SEQ ID NO:58]) by the method of Guo at al.. Nucleic Acids Res., 22, 5456-5465 (1994). 
OUgonucleotides 2 (5' SH(CHy/XPO^O<:GC-ATT-CAG-GAT [SEQ ID NO:50]) were 
prepared and attached to 13 nm gold nanoparticles as described in Examples 1 andl8 to 
yield nanoparticles a. Target DNA 3 and nanoparticles a were added to the device. The 
color of die glass surfiice turned pink, indicating that target DNA-gold nanoparticle 
assemblies were formed on die glass substeate. Next, the device was hnmereed in 0.3 M 
NaCl, 10mMphosphatebu£ferandheatedat40"Cfor 1 hour to remove mmspecifically 
bound DNA, and then treated wifli a silver staining solution as described in Exan^le 19 
for5nimutes. The resistance of the electrode was 67 kll 

For comparison, a control device modified by attaching oligonucleotides 4, 
mstead of oligonucleotides 1, between die electrodes. OUgonucleotides 4 have die same 
sequence (5* NHj(CHj)«O(PO»0O-CGC-ATT-CAG-GAT [SEQ ID NO:50]) as 
oUgonucleotides 2 on the nanoparticles and will bind to target DNA 3 so as to prevent 
binding of die nanoparticles. The test was odierwise performed as described above. The 
resistance was higher dian 40 MSI, the detection limit of die multimeter fliat was used. 

This ejqperiment shows tiiat only conqilementary target DNA strands form 
nanoparticle assembUes between the two electrodes of die device, and diat die circuit can 
be completed by nanoparticle hybridization and subsequent silver staming. Therefore, 
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con^lementary DNA and noiicoiiq>lemeiitaiy DNA can be dififerentiated by measuring 
conductivity. Ttds foimat is extendable to substrate arrays (chips) with thousands of 
pairs of electrodes capable of testing for thousands of difierent nucleic adds 
simultaneously. 
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WE CLAIM : 

1. A method of detecting a nucleic acid having at least two portions 
comprising: 

(a) contacting tiie nucleic acid witfi a substrate having oligonucleotides 
attached tiieieto, the oligonucleotides being located between a pair of electrodes, the 
oligonucleotides having a sequfflice con^lementaiy to a first portion of the sequence of 
said nucleic acid, tiie contacting taking place under conditions effective to allow 
hybridization of the oligonucleotides on die substrate with said nucleic acid; 

(b) contacting said nucleic acid bound to fbe substrate with a first type of 
nanoparticles, the nanoparticles being capable of conducting electricity, the nanoparticles 
having one or more types of oligonucleotides attached tiiereto, at least one of the types 
of oligonucleotides having a sequence complementary to a second portion of die 
sequence of said nucleic acid, the contacting taking place under conditions effective to 
allow hybridization of tbe oligonucleotides on tiie nanoparticles with said nucleic add; 
and 

(c) detecting a change in conductivity. 

2. The method of Claim I wherein tfie substrate has a plurality of pairs of 
electrodes located on it in an airay to allow for the detection of multiple portions of a 
smgle nucleic add, the detection of multiple different nucldc adds, or both, each of tiie 
pairs of eledrodes having a type of oligonucleotides attached to the substrate between 
tiiem. 

3. The method of Claim 1 wfaerem the nanoparticles are made of metal. 

4. The method of Claim 1 ¥^erein tiie nanoparticles are made of gold or 

silver. 

5. The mediod of Claim 1 vdierdn the substrate is contacted with silver 
stain to produce the change in conductivity. 

6. The metiiod of Claim 1 furtho- comprismg! 

(d) contacting the first type of nanoparticles bound to the substrate with 
a second type of nanoparticles, the nanoparticles being cj^able of conducting electricity, 
tile nanoparticles havmg oligonucleotides attached thereto, at least one of the types of 
oligonucleotides on the second type of nanoparticles comprising a sequence 
conqilementaty to the sequence of one of the types of oligonucleotides on (he first type 
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of nanoparticles, tibe contacting taking place mida conditions effective to allow 
hybridization of the oligonucleotides on the first and second types of nanoparticles; and 

(e) detecting tiie change in conductivity. 

7. The mediod of Claim 6 \dierein at least one of the types of oligonucleotides 
on the first type of nanoparticles has a sequence complementaiy to tihe sequence of at 
least one of the types of oligonucleotides on ^ secoai type of nanoparticles and Ifae 
metiiod fiirdier comprises: 

(f) contacting ttie second type of nanoparticles bound to the substrate widi 
the first type of nanoparticles, the contacting taking place under conditions effective to 
allow hybridization of tiie oligonucleotides on flie first and second types of nanoparticles; 
and 

(g) detecting the change in conductivity. 

8. The method of Claim 7 v/herem step (d) or steps (d) and (f) are repeated one 
or more times and the change in conductivity is detected. 

9. The method of Claim 1 further comprising: 

(d) contacting tiie first type of nanoparticles bound to tiie substrate with 
an aggregate probe having oligonucleotides attached thereto, the nanoparticles of the 
aggregate probe being capable of conducting electaicity, at least one of flie types of 
oligonucleotides on the aggregate probe comprising a sequence con^>lanentaxy to the 
sequence of one of the types of oligonucleotides on the first type of nanoparticles, the 
contacting taking place under conditions effective to allow hybridization of tiie 
oligonucleotides on the aggregate probe witii the oligonucleotides on tiie first type of 
nanoparticles; 

(e) and detecting the change in conductivity. 

10. A metiiod of detecting nucleic acid having at least two portions 
comprising: 

(a) contacting a nucleic acid witii a substrate having oligonucleotides 
attadied thereto, die oligonucleotides being located between a pair of electitxles, the 
oligonucleotides having a sequence complranentary to a first portion of die sequence of 
said nucleic add, the contacting takmg place und^ conditions effective to allow 
hybridization of (he oligonucleotides on the substrate with said nucleic acid; 
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(b) contacting said nucleic acid bound to die substrate widi an aggregate 
probe having oligonucleotides attached thereto, at least one of the types of 
oligonucleotides on die aggre^te probe comprising a sequence complemoitaiy to the 
sequence of a second portirai of said nucleic acid, the nanqparticles of die aggregate 
probe being capsiblc of conducting electricity, die contacting taking place under 
conditions effective to allowhybridizatianof die oligonucleotides on Ifae aggregate probe 
with the nucleic add; and 

(c) detecting a change in conductivity. 

11. The method of Claim 10 if^^ierein the substrate has a plurality of pairs of 
electrodes located on it in an array to allow for the detection of multiple portions of a 
single nucleic acid, die detection of multiple different nucleic acids, or both, each of die 
pairs of electrodes having a type of oligonucleotides attached to die substrate between 
them. 

12. A kit for detecting nucleic acid comprising a substrate having attached 
thereto at least one pair of electrodes with oligonucleotides attached to the substrate 
between the electrodes, the oligonucleotides having a sequence complementary to a first 
portion of die sequence of a nucleic acid to be detected. 

13. The kit of CHaim 12 whoein the substrate has a plurality of pairs of 
electrodes attached to it in an array to allow for die detection of multiple portions of a 
single nucleic acid, the detection of multiple diffoent nucleic acids, or both, each of the 
pairs of electrodes havmg a type of oligonucleotides attached to the substrate between 
diem, each type of oligonucleotides having a sequence conqilemeiitary to a first portion 
of the sequoice of a nucleic acid to be detected. 

14. The kit of Claim 12 or 13 furttier comprising: 

(a) acontainerholdingafiisttypeofnanoparticles,thenanoparticles 
beuig capable of conducting electricity, the nanoparticles having one or more types of 
oligonucleotides attached diereto, at least one of the types of oligonucleotides having a 
sequence con4>lementary to a second portion of the sequence of die nucleic acid to be 
detected; 

(b) a container holding a first type of nanoparticles, die nanoparticles 
being enable of conducting electricity, tiie nanoparticles having one or more types of 
oligonucleotides attached thereto, at least one of the types of oligonucleotides having a 
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sequence complementaiy to a second portion of tiie sequence of tiie nucleic acid to be 
detected, and a container holding a second type of nanoparticles, tilie nanopaiticles being 
capable of conducting electricity, the nanoparticles having oligonucleotides attached 
tiiereto, at least one of die types of oligonucleotides on the second type of nanoparticles 
conqmsing a sequence complementary to the sequence of one of the types of 
oligonucleotides on tiie first type of nanoparticles; 

(c) a container holding a first type ofnanopatticles,tbie nanoparticles 
being capable of conducting electricity, die nanoparticles having one or more types of 
olig(Hiucleotides attached tiiereto, at least one of the types of oligonucleotides having a 
sequence conq>laneatary to a second portion of the sequence of the nucleic acid to be 
detected, and a container holding an aggregate probe having oligonucleotides attached 
thereto, the nanoparticles of tiie aggregate probe being capable of conducting electricity, 
at least one of the types of oligonucleotides on the aggregate probe comprising a 
sequence complementary to the sequence of one of the types of oligonucleotides on die 
first type of nanoparticles; or 

(d) a container holding an aggregate probe having oligonucleotides 
attached Aereto, at least one of the types of oligonucleotides on the aggre^te probe 
comprising a sequence complementary to the sequence of a second portion of the nucleic 
acid to be detected, the nanoparticles of die aggregate probe being capable of conducting 
electricity. 

15. A medMxl of detecting nucleic acid having at least two portions 
conqirising: 

providingasubstiatehavingafirst type of nanoparticles attached diereto, 
the nanoparticles having oligonucleotides attached thereto, the oligonucleotides having 
a sequence conqilementary to a first portion of the sequence of a nucleic add to be 
detected; 

contacting said nucleic acid with die nanoparticles attached to die 
substrate under conditions effective to allow hybridization of the oligonucleotides on the 
nanoparticles with said nucleic acid; 

providing an aggregate probe conqirising at least two types of 
nanoparticles having oligonucleotides attached diereto, the nanoparticles of the aggregate 
probe being bound to each other as a result of the hybridization of some of the 
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oligonucleotides attached to them, at least one of the types of nanoparticles of the 
aggregate probe having oligonucleotides attached thereto vMch have a sequence 
complementary to a second portion of the sequoice of said nucleic acid; 

contactiiig said nucleic acid bound to die substrate with the aggregate 
probe under conditions effective to allow hybridization of the oUgonucleotides on tiie 
aggregate probe with said nucleic acid; and 

observing a detectable change. 

16. The method of Claim IS wherein the substrate has a plurality of types of 
nanoparticles attached to it in an anay to allow for the detection of multiple portions of 
a single nucleic acid, die detection of multiple different nucleic acids, or both. 

17. A method of detecting nucleic acid having at least two portions 
comp rising ; 

providing a substrate having oligonucleotides attached thereto, die 
oligonucleotides having a sequence conq>lementary to a first portion of the sequence of 
a nucleic acid to be detected; 

providing an aggregate probe conq>rising at least two types of 
nanoparticles having oligonucleotides attached thereto, the nanoparticles of the aggregate 
probe being bound to each other as a result of Ihe hybridizaticui of some of tte 
oligonucleotides attached to them, at least one of die types of nanoparticles of the 
aggregate probe having oligonucleotides attached thereto which have a seqpience 
conq)lementaiy to a second portion of the sequence of said nucleic acid; 

contacting said nucleic acid, the substrate and the aggregate probe under 
conditions effective to allow hybridization of said nucleic add with the oligonucleotides 
on the aggregate probe and widi the oligonucleotides on the substrate; and 

observing a detectable change. 

18. The method of Claun 17 wherem the substrate has a phuality of types of 
oligonucleotides attached to it m an array to allow for the detection of multiple portions 
of a single nucleic acid, die detection of multiple different nucleic acids, or botiL 

19. The method of Claim 17 wherein said nucleic acid is contacted with the 
substrate so that said nucleic acid hybridizes wifli the oligonucleotides on die substrate, 
and said nucleic acid bound to the substrate is then contacted with the aggregate probe 
so diat said nucleic acid hylnidizes widi die oligonucleotides on die aggregate probe. 
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20. The method of Qaim 17 whaein said nucleic acid is contacted wifli the 
aggregate probe so tibat said nucleic acid hybridizes with die oligonucleotides on llie 
aggregate probe, and said nucleic add bound to the aggregate probe is then contacted 
with the substrate so that said nucleic acid hybridizes widi the oligonucleotides on the 
substrate. 

21. The method of Qaim 17 wherem said nucleic acid is contacted 
simultaneously with die aggregate probe and the substrate. 

22. A mediod of detecting nucleic acid having at least two portions 
con^nising: 

providing a substrate having oligonucleotides attached thereto; 

providing an aggregate probe comprising at least two types of 
nanoparticles having oligonucleotides attached thereto, the nanoparticles of the aggregate 
probe being bound to each other as a result of Ae hybridization of some of die 
oligonucleotides attached to them, at least one of the types of nanoparticles of the 
aggregate probe having oligonucleotides attached tiiereto which have a sequence 
conqilementary to a first portion of die sequence of a nucleic acid to be detected; 

providing a type of nanoparticles having at least two types of 
oligonucleotides attached thereto, the first type of oligonucleotides having a sequence 
complementary to a second portion of the sequence of said nucleic acid, die second type 
of oligonucleotides haviag a sequence complementary to at least a portian of die 
sequence of the oligonucleotides attached to die substrate; 

contacting said nucleic acid, the aggregate probe, the nanoparticles and 
the substrate, the contacting taking place under conditions effective Id allow 
hybridization of said nucleic acid with the oligonucleotides on die aggregate probe and 
on the nanoparticles and hybridization of the oligonucleotides on the nanoparticles with 
die oligonucleotides on die substrate; and 

observing a detectable change. 

23. The method of Claim 22 wfao^ said nucleic acid is contacted with the 
aggregate probe and the nanoparticles so that said nucleic acid hybridizes with the 
oligonucleotides on die aggregate probe and with die oUgonucleotides on die 
nanoparticles, and said nucleic acid bound to die aggregate probe and nanoparticles is 
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then contacted with the substrate so that the oligonucleotides on the nanoparticles 
hybridize with the oligonucleotides on libs substrate. 

24. The method of Claim 22 wherein said nucleic acid is contacted wiA the 
aggregate probe so &at said nucleic acid hybridizes with the oligonucleotides on the 
aggregate probe, said nucleic acid bound to the aggregate probe is tben contacted with 
fbe nanoparticles so diat said nucleic acid hybridizes with the oligonucleotides on the 
nanoparticles, and said nucleic acid bound to the aggregate probe and nanoparticles is 
dien contacted with the substrate so ttiat the oligonucleotides on the nanoparticles 
hybridize with tiie oligonucleotides on fbs substrate. 

25. The method of Claim 22 wherein said nucleic acid is contacted with the 
aggregate probe so that said nucleic acid hybridizes with the oligonucleotides on the 
aggregate probe, the nanoparticles are contacted with the substrate so that the 
oligonucleotides on the nanoparticles hybridize witii the oligonucleotides on the 
substrate, and said nucleic acid bound to the aggregate probe is then contacted with the 
nanoparticles bound to the substrate so that said nucleic acid hybridizes with the 
oligonucleotides on the nanoparticles. 

26. The mettiod of Claim 22 wherein the substrate has the oligonucleotides 
attached to it in an array to allow for the detection of multiple portions of a single nucleic 
add, the detection of multiple different nucleic adds, or both. 

27. The mettiod of any one of Claiins 15-26 v/berein die substrate is a 
transparent substrate or an opaque white substrate. 

28. The method of Claim 27 wherein the detectable change is the fonnati(m 
of dark areas on the substrate. 

29. The meduMi of any one of Claims 15-26 vdierein the nanoparticles in tibe 
aggregate probe are made of gold. 

30. The mediod of any one of Claims 15-26 wherein the substrate is contacted 
widi a silver stain to produce tiie detectable change. 

3 1. The method of any one of Claims 15-26 wherein the detectable change is 
observed with an optical scanner. 

32. The mediod of Claim 3 1 whoein die scanner is a flatbed scanner. 

33 . The method of Claim 3 1 wherein die scanner is linked to a computer loaded 
with software capable of calculating greyscale measurements, and die greyscale 
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measurements are calculated to provide a quantitative measure of the amount of nucleic 
acid detected. 

34. The nietfaodofQaim 3 Iwhetdn the scanner is linked to a c(Hiqn^ 

with software c^>able of providing an hnage of die substrate, and a qualitative 
determination of die presence of the nucleic acid, the amount of nucleic acid, or bodi is 
made using die image. 

35. A mediod of detecting nucleic acid having at least two portions 
comprising: 

contacting a nucleic acid to be detected with a substrate having 
oligonucleotides attached thereto, the oligonucleotides having a sequence complementaiy 
to a first portion of the sequoice of said nucleic acid, the contacting taking place unda- 
conditions effective to allow hybridization of the oligonucleotides on the substrate with 

said nucleic acid; 

contacting said nucleic acid bound to the substrate with liposomes having 
oligonucleotides attached thereto, die oligonucleotides having a sequence complementary 
to a portion of die sequence of said nucleic acid, the contacting taking place under 
conditions effective to allow tqrbridization of die oligonucleotides on die liposomes with 
said nucleic acid; 

providing an aggregate probe conqirising at least two types of 
nanoparticles having oligonucleotides attadied tiiereto, the nanoparticles of die aggregate 
probe being bound to each odier as a result of the hybridization of some of die 
oligonucleotides attached to them, at least one of die types of nanoparticles of die 
aggregate probe having oligonucleotides attached thereto which have a hydrophobic 
group attached to die end not attached to die nanoparticles; 

contactmg die liposomes bound to die substrate with the aggregate probe 
under conditions effective to allow attachment of the oligonucleotides on die aggregate 
im>be to the liposomes as a result of hydrophobic interactions; and 

observing a detectable change. 

36. The method of Claim 3S wfaeiem the namqKirticles in the aggregate probe are 
made of gold. 

37. The method of Claim 35 wherein die substrate is contacted widi a silver stain 
to produce the detectable change. 
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38. The method of Claim 35 vi^erein the substrate has a plurality of of 
oligonucleotides attached to it in an array to allow for the detection of nniltq)Ie portions 
of a single nucleic acid, die detection of multiple different nuddc adds, or both. 

39. The metiiod of any one of Claims 35-38 wherein the detectable change is 
observed with an optical scanner.- 

40. A method of detectintg nucldc add having at least two portions 
comprising: 

providing a substrate having oligonucleotides attached thereto, the 
oligonucleotides having a sequence complementary to a first portion of the sequence of 
a nucleic acid to be detected; 

providing a core probe comprising at least two types of nanoparticles, 
each type of nanoparticles having oligonucleotides attached thereto which are 
complementary to the oligonucleotides on at least one of the other types of nanoparticles, 
the nanoparticles of the aggregate probe being bound to each oflier as a result of fhe 
hybridization of the oligonucleotides attached to then^ 

providing a type of nanoparticles having two types of oligonucleotides 
attached thereto, the first type of oligonucleotides having a sequence complementary to 
a second portion of the sequence of said nucleic acid, the second type of oligonucleotides 
having a sequence conq)lementary to a portion of tfie sequence of the oligonucleotides 
attached to at least one of the types of nanoparticles of the core probe; 

contacting said nucldc acid, fbs nanoparticles, flie substrate and Hoc core 
probe under conditions efifective to allow hybridization of said nucldc acid with the 
oligraiudeotides on the nanq>artides and with flie oligonucleotides on the substrate and 
to allow hybridization of the oligonucleotides on flie nanoparticles wiA tiie 
oligonucleotides on fbe core probe; and 

observing a detectable change. 
41. The method of Claim 40 herein said nucldc add is contacted with the 
substrate so diat said nucleic add hybridizes with the oligonucleotides on tilie substrate, 
and said nucleic acid bound to t3he substrate is then contacted with the nanoparticles so 
fliat said nucleic acid hybridizes witii the oligonucleotides on the nanoparticles, and the 
nanoparticles bound to said nucleic acid are contacted with the core probe so that th 
oligonucleotides on the core probe hybridize with the oligonucleotides on the 
nanoparticles. 
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42. The method of Claim 40 wherein said micldc acid is contacted with Ac 
nanoparticles so that said nucleic acid hybridizes with the oligonucleotides on the 
nanopaiticles, said nucleic acid bound to the nanoparticles is flien contacted witfi the 
substrate so that said nucleic acid hybridizes witib the oligomicleotides on the substrate, 
and ±e nanoparticles bound to said nucleic acid are contacted with the core probe so that 
the oligonucleotides on the core probe hybridize witii the oligonucleotides on the 
nanoparticles. 

43. A method of detecting nucleic acid having at least two portions 
comprising: 

providing a substrate having oligonucleotides attached thereto, Hbe 
oligonucleotides having a sequence complementary to a first portion of Ihe sequence of 
a micleic acid to be detected; 

providing a core probe comprising at least two types of nanoparticles, 
each type of nanopartictes having oligonucleotides attached thereto which are 
complementary to the oligonucleotides on at least one other type of nanoparticles, the 
nanoparticles of the aggregate probe being bound to each other as a result of the 
hybridization of the oligonucleotides attached to them; 

providing a type of linking oligonucleotides comprising a sequence 
coioplementary to a second portion of the sequence of said imcleic acid and a sequence 
complementary to a portion of the sequence of the oligonucleotides attached to at least 
one of the types of nanoparticles of tiie cote probe; 

contacting said nucleic acid, fbs linkmg oligonucleotides, flie substrate 
and the core probe under conditions effective to allow hybridizaticm of said nucleic acid 
with (he linking oligonucleotides and wifli the oligonucleotides on the substrate and to 
allow hybridization of the oligonucleotides on the linkiiig oligomicleotides witih ttie 
oligonucleotides on tiie core probe; and 

observing a detectable change. 

44. The metfiod of Qaim 40 or 43 wherein the substrate has aplurality of types 
of oUgonucleotides attached to it in an anay to allow fi>r the detection of multiple 
portions of a single nucleic acid, the detection of multiple different imcleic acids, or both. 

45. The method of Claim 40 or 43 wherein title substrate is a transparent 
substrate or an opaque white substrate. 
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46. The mediod of Claim 45 wherein the detectable change is the fonnation 
of daik areas on the substrate. 

47. The method of Gaim 40 or 43 v/berem tiie nanppaiticles in tfie ctne probe 
are made of gold. 

48. The mefliod of Claim 40 or43 wherein the substrate is contacted witti a silver 
stain to produce the detectable change. 

49. The method of Claim 40 or 43 wherein die detectable change is observed 
widi an optical scanner. 

50. A kit comprising: 

a substrate, the substrate having attached thereto nanoparticles, the 
nanoparticles having oligonucleotides attached thereto which have a sequence 
con^lementaty to the sequence of a first portion of a nucleic acid; and 

a first container holding an ag^gate probe comprising at least two types 
of nanoparticles having oligonucleotides attached thereto, the nanoparticles of the 
aggregate probe being bound to each other as a result of the hybridization of some of &e 
oligonucleotides attached to them, at least one of Oie types of nanoparticles of Ifae 
aggregate probe having oligonucleotides attached thereto which have a sequence 
complementary to a second portion of the sequence of die micleic acid. 

51. A kit comprising: 

a substrate, die substrate having oligonucleotides attached diereto, the 
oligonucleotides having a sequence complranentary to the sequence of a first portion of 
a nucleic acid; and 

afiistcontainerholdingan aggregate probe comprisiiig at least two t^xs 
of nanoparticles having oligonucleotides attached diereto, die nanoparticles of the 
aggregate probe being bound to each odier as a result of the hybridization of some of the 
oligonucleotides attached to diem, at least one of the types of nanoparticles of die 
aggregate probe havmg oligonucleotides attached diereto which have a sequence 
contplementary to a second portion of die sequence of die nucldc acid. 

52. The kit of Claim 51 wherein the substrate has a plurality of types of 
oligonucleotides attached to it in an array to allow fior the detection of multiple portions 
of a smgle nucleic add, the detection of multiple different nucleic acids, or both. 
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53. A kit con^prising: 

a substrate, the substrate having oligoaucleotides attached thereto, the 
oligoaucleotides having a sequence ccm^Iemenlaiy to the sequence of a first portion of 
a nucleic acid; 

a first container holding nanoparticles, the nanoparticles having one or 
more types of oligonucleotides attached thereto, at least one of the types of 
oligonucleotides having a sequence con^lementary to a second portion of flie sequence 
of the nucleic acid; and 

a sectmd container holding an aggregate probe comprising at least two 
types of nanoparticles having oligonucleotides attached thereto, the nanoparticles of tiie 
aggregate probe being bound to each odier as a result of the hybridization of some of the 
oligonucleotides attached to them, at least one of the types of nanoparticles of the 
aggregate probe having oligonucleotides attached thereto vMch have a sequence 
complementary to the sequence of one of the types of oligonucleotides on flie 
nanoparticles in the first container. 

54. The kit of Claim 53 wherein the substrate has a plurality of types of 
oligonucleotides attached to it in an array to allow for tiie detection of multiple portions 
of a single nucleic acid, the detection of nmltiple different nucleic adds, or both. 

55 . A kit comprising: 

a substrate having oligonucleotides attached thereto; 

a first container holding an aggregate probe coniprising at least two types 
of nanoparticles having oligonucleotides attached tiiereto, tiie nanoparticles of the 
aggregate probe bemg bound to each otiier as a result of tiie hybridization of some of the 
oligonucleotides attached to them, at least one of the types of nanoparticles of die 
aggregate probe havmg oligonucleotides attached tiiereto which have a sequence 
conqilementary to a fisst portion of the sequence of the nucleic acid; and 

a second container holding nanoparticles having at least two types of 
oUgonucleotides attached tiiereto, tiie first type of oligonucleotides having a sequence 
complementary to a second portion of the sequence of the nucleic acid, and the second 
type of oligonucleotides having a sequence complemraitaiy to at least a portion of the 
sequence of tiie oligonucleotides attached to the substrate. 
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56. A kit comprising: 

a substrate, die substrate having oligonucleotides attached fliereto, the 
oligonucleotides having a sequence con^lementary to the sequence of a fiist portion of 
a nucleic add; 

a fiist container holding liposomes having oligonucleotides attached 
thereto vMch have a sequence complementszy to the sequence of a second portion of flie 
nucleic acid; and 

a second container holding an aggregate probe comprising at least two 
types of nanoparticles having oligonucleotides attached thereto, the nanoparticles of the 
aggregate probe being bound to each other as a result of the hybridization of some of the 
oligonucleotides attached to them, at least one of the types of nanoparticles of the 
aggregate probe having oligonucleotides attached thereto which have a hydrophobic 
group attached to Ae end not attached to the nanoparticles. 

57. The kit of any one of Claims 50-56 wherein the substrate is a tiansparait 
substrate or an opaque white substrate. 

58. The kit of any one of Claims 50-56 wherein the nanoparticles of tibte 
aggregate probe are made of gold 

59. A kit comprising a containo^ holding an aggregate probe, die aggregate 
probe comprising at least two types of nanoparticles having oligonucleotides attached 
thereto, tfie nanoparticles of tiie aggregate probe being bound to each other as a result of 
the hybridization of some of the oligonucleotides attached to them, at least one of the 
types of nanoparticles of the aggregate probe having oligonucleotides attached thereto 
wfaidi have a sequence con^lementaiy to a portion of die sequence of a nucleic acid. 

60. A kit conqnising a container holding an aggregate probe, the aggregate 
probe comprising at least two types of nanoparticles havizig oligonucleotides attached 
thereto, fbs nanoparticles of the aggregate probe being bound to each other as a result of 
the hybridization of some of the oligonucleotides attached to them, at least one of the 
types of nanoparticles of the aggregate probe having oligonucleotides attached thereto 
which have a hydrophobic group attached to the end not attached to the nanoparticles. 

61 . An aggregate probe, tiie aggregate probe comprising at least two types of 
nanoparticles having oligonucleotides attached tiiereto, the nanoparticles of the aggregate 
probe being bomd to each otiier as a result of the hybridization of some of the 
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oligonucleotides attached to them, at least one of &e types of nanoparticles of the 
aggregate probe having oligonucleotides attached thereto which have a sequence 
conq>lementaiy to a portion of tiie sequence of a nucldc acid. 

62. The aggregate probe of Claim 61 comprising two types of nan<q>aiticles each 
having two types of oligonucleotides attached thereto, the first type of oligonucleotides 
attached to each type of nanoparticles having a sequence complementary to a portion of 
&e sequence of a nucleic acid, tiie second type of oligonucleotides attached to Che first 
type of nanoparticles having a sequence complemratary to at least a portion of tiie 
sequence of the second type of oligonucleotides attached to the second type of 
nanoparticles. 

63. The aggregate probe of Claim 62 comprising three types of nanoparticles 
having oligonucleotides attached thereto, die oligonucleotides attached to the first type 
of nanoparticles having a sequence con^lementaiy to at least a portion of the sequence 
of the oligonucleotides attadied to the second type of nanoparticles, the oligonucleotides 
attached to the second type of nanoparticles having a sequence complementary to at least 
a portion of the sequence of the oligonucleotides attached to the first type of 
nanoparticles, and the third type of nanoparticles having two types of oUgcumcleotides 
attached thereto, the first type of oligonucleotides having a sequence con^Iementary to 
a portion of the sequoice of a nucleic acid, and the second type of oligonucleotides 
havmg a sequoice complementary to at least a portion of tiie sequence of die 
oligonucleotides attached to the first or second type of nanoparticles. 

64. An aggregate probe, the aggregate probe conqnismg at least two types of 
nanoparticles havmgoligonucleotides attached thereto, the nanoparticles of the aggregate 
probe bemg bound to each other as a result of the hybridization of some of the 
oligonucleotides attached to tiiem, at least one of die types of nanoparticles of tiie 
aggregate probe havmg oligonucleotides attached tfaoeto which have a hydrophobic 
group attached to the end not attached to tiie nanoparticles. 

65. A kit comprising a container holding a core probe, the core probe 
conqtrising at least two types of nanoparticles having oligonucleotides attached tiiereto, 
die nanoparticles of the core probe being bound to each otiaex as a result of die 
hybridization of some of die oligonucleotides attached to dteoL 
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66. The kit of Claim 65 fiirdier comprising a substrate having oligonucleotides 
attached thereto, the oligonucleotides having a sequence complementaiy to a first portion 
of flie sequence of a nucleic add to be detected. 

67. The kit of Claim 65 or 66 further con^rising a container holding a type of 
nanoparticles having two types of oligonucleotides attached thereto, the first type of 
oligonucleotides having a sequence complementary to a second portion of the nucleic 
acid, and the second type of oligonucleotides having sequence complementary to a 
portion of the sequence of the oligonucleotides attached to at least one of the types of 
nanoparticles of the core probe. 

68. The kit of Claim 65 or 66 further comprising a container holding a type 
of linldng oligonucleotides comprising a sequence complementary to a second portion 
of the sequence of the nucleic acid and a sequence con^lementary to a portion of the 
sequence of the oligonucleotides attached to at least one of the types of nanoparticles of 
the core probe. 

69. A core probe comprising at least two types of nanoparticles having 
oligonucleotides attached thereto, the nanoparticles of the core probe being bound to 
each other as a result of the hybridization of some of the oligonucleotides attached to 
them 

70. Ametiiodofbindingoligonucleotidestochaigednanopaiticlestoproduce 
stable nanoparticle-oligonucleotide conjugates ^ch have the oligonucleotides present 
on surfece of the nanoparticles at a surface density of at least 10 picomoles/cm^ the 
mdfaod coniprising: 

providing oligonucleotides having covalenfly bound thereto a moiety 
comprising a fimctional grotqp which can brad to the nan{i^)articles; 

contacting the oligtmucleotides and the nanoparticles in wat^foraperiod 
of time sufBcient to allow at least some of the oligonucleotides to bind to the 
nanoparticles; 

adding at least one salt to the water to form a salt solution, the ionic 
strength of tiie salt solution being sufficient to overcome at least partially the electrostatic 
attraction or repulsion of tiie oligonucleotides for die nanoparticles and the electrostatic 
rqpulsion of the oligonucleotides for each other; and 
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contacting the oligonucleotides and nanoparticles in the salt solution for 
an additional period of time sufficient to allow sufficient additional oligonucleotides to 
bind to tile nanoparticles to produce the nanoparticle-oligonucleotide conjugates. 

71. The metiiod of Claim 70 wherein die nanoparticles are metal 
nanoparticles or semiconductor nanoparticles. 

72. ThemelhodofClaim71^eareinthena&opaiticlesaTegoldnanoparticles. 

73. The method of Claim 70 wberdn tiie moiety comprising a functional 
group widch. can bind to tiie nanc^particles is an alkanethioL 

74. The method of Claim 70 wbaem all of the salt is added to the water in 
a single addition. 

75. The metiiod of Claim 70 wherein the salt is added gradually over time. 

76. The method of Claim 70 wherein flie salt is selected fix>m tiie gpnxp 
consisting of sodium chloride, magnesium chloride, potassium chloride, ammonium, 
chloride, sodium, acetate, ammonium acetate, a combination of two or more of these 
salts, one of these salts in a phosphate buffer, and a combination of two or more these 
salts in a phosphate buffer. 

77. The method of Qaim 76 whereiu the salt is sodium chloride in a 
phosphate buffer. 

78. The method ofQaim 70 tdiereinnanpparticle-oligonucleotide conjugates 
are produced which have the oligonucleotides present on sur&ce of die nanoparticles at 
a sur&ce density of at least IS picomoles/cm^ 

79. Ihe method of Claim 78 wheran die oligonucleotides are present on 
surfice of the nanoparticles at a sur&ce density of fiom about IS picomoles/cn^ to about 
40 picomoles/cm^ 

80. The method of Claim 78 wherein die oligonucleotides are present on 
sur&ce of die nam^iarticlesatasur&ce density of fitxn about ISpicomoles/cm' to about 
25 picomoles/cm^ 

8 1 . Nanoparticle-oligonucleotide conjugates which are naxioparticles haviug 
oligonucleotides attached to them, at least some of the oligonucleotides having a 
sequence complementary to at least one portion of the sequence of a nucleic acid or 
another oligonucleotide, the oligonucleotides being present on the surface of the 
nanoparticles at a sur&ce density of at least 10 pic(nnoles/cm^ 
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82. The nanoparticles of Qajm 8 1 wiietein die oligonucleotides are present 
on sui&ce of the nanopaiticles at a suifiice density of at least IS picomoles/cm^ 

83. The nanoparticles of Claim 82 herein the oligonucleotides are present 
on sur&ce of die nanoparticles at a sur&ce doisity of fixim about IS pioomoles/cm' to 
about 40 picomoles/cm^. 

84. The nanoparticles ofCIaim 83 whraein the oligonucleotides are present 
on sui&ce of die nanoparticles at a surface density of from about IS picomoles/cm' to 
about 40 picomoles/on^ 

85. The nanoparticles of Claim 81 wherein die nanoparticles are metal 
nanoparticles or semiconductor nanoparticles. 

86. The nanoparticles of Claim 85 wherein the nanoparticles are gold 
nanoparticles. 

87. A method of detecting a nucleic acid comprising: 

contacting die nucleic acid with at least one type of nanoparticle-oligonucleotide 
conjugates according to any one of Claims 81-86 under conditions effective to allow 
hybridization of the oligonucleotides on die nanoparticles with the nucleic acid; and 

observing a detectable change brought about by hybridization of the 
oligonucleotides on die nanoparticles widi the nucleic acid. 

88. A method of detecting a nucleic acid having at least two portions 
coikipiising: 

providing a type of nanoparticl&oligonucleotide conjugates according to 
any one of Claims 81-86, the oligonucleotides on each nanoparticle having a sequence 
conqilonentary to die sequence of at least two portions of the nucleic acid; 

contacting die nucleic acid and die conjugates under conditions effective 
to allow hybridization of the oligonucleotides on the nanqiarticles with the two or more 
portions of die nucleic acid; and 

observing a detectable change brou^t about by hybridization of the 
oligonucleotides on die nanoparticles with the nucleic acid. 

89. A mediod of detecting a nucleic add having at least two portions 
comprising: 

contacting die nucleic add with at least two types of nanoparticle- 
oligonucleotide conjugates according to any one of Claims 81-84, die oligonucleotides 
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on tiie nanopaiticles of tiie first type of conjugates having a sequence conqilementary to 
a first portion of the sequence of the nucleic acid, the oligonucleotides on die 
nanoparticles of the second type of conjugates having a sequence conqilenientary to a 
second portion of die sequence of the nucleic acid, the contacting taking place under 
conditions effective to allow hybridization of the ohgonucleotides on the nanoparticles 
with tibe nucleic acid; and 

observing a detectable change brought about by bybridizatioa of die 
oligonucleotides on the nanoparticles with die nucleic acid. 

90. The method of Claim 89 wherein the contacting conditions include 
fieezing and thawing. 

91. The method of Claim 89 wherein the contacting conditions include 
heating. 

92. The method of Claim 89 wherein die detectable change is observed on a 
solid sur&ce. 

93 . The method of Claim 89 wherein tiie detectable change is a color change 
observable with the naked eye. 

94. The method of Claim 93 wherein the color change is observed on a solid 
sur&ce. 

95. The method of Claim 89 wherein the nan(q>articles are metal 
nanoparticles or semiconductor ioanoparticles. 

96. TheniediodofClami89wfaereindiBnanoparticlesaregoldnanoparticles. 

97. The method of Claim 89 wherem die oligonucleotides attached to die 
nanoparticles are labeled on dieir ends not attached to die nanoparticles with molecules 
diat produce a detectable change upon hyhridizaticm of the oligonucleotides on die 
nanoparticles widi die nucleic add. 

98. The mediod of Claim 97 wherem the nanoparticles are metallic or 
semiconductor nanoparticles and die oligonucleotides attadied to the nanoparticles are 
labeled with fluorescent molecules. 

99. The mediod of Claim 89 wherem: 

the nucleic acid has a diini portion located between the first and second 
portions, and the sequences of the oligonucleotides on the nanoparticles do not include 
sequences complemoitaiy to this diird portion of the nucleic add; and 
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flie nucleic acid is iiiitfaer contacted with a filler oligonucleotide ha ving 
a sequence conq>lemaitaiy to this fhiid portion of the nucleic add, the contacting talring 
place under conditions eJGTective to allow hybridization of the fiUo- oligonucleotide with 
die nucleic acid. 

100. The method of Claim 89 wherein the nucleic acid is a viial RNA, a vind 
DNA, a gene associated with a disease, a bacterial DNA, or a fungal DNA. 

101. The method ofClaim 89 \«dierein the nucleic acid is a syn&etic DNA, a 
synthetic SNA, a structurally-modified natural KNA, a structurally-modified synthetic 
RNA, a structurally-modified natural DNA, a stracturally-modified synthetic DNA, or 
a product of a polymerase chain reaction amplification. 

102. A method of detecting a nucleic acid haying at least two portions 
comprising: 

(a) contacting the nucleic acid with a substrate having oligonucleotides 
attached diereto, the oligonucleotides having a sequence complementary to a first portion 
of the sequence of said nucleic acid, die contacting talring place under conditions 
effective to allow hybridization of the oligonucleotides on the substrate with said nucleic 
acid; 

Qa) contacting said nucleic add bound to Ifae substrate with a first type of 
nanoparticle-oligonucleotide conjugates according to any one of Claims 81-84, at least 
one of the types of oligonucleotides attached to flie nanoparticles of Ifae conjugates 
having a sequence conq>lCTientary to a second portion of the sequence of said nucldc 
add, the contacting taking place under conditions effective to allow hybridization of die 
oligcmucleotides attached to the nanq>articles of die conjugates widi said nucldc add; 
and 

(c) observing a detectable change. 

103. The method ofOaim 102 further comprising: 

(d) contacting the first type of nanoparticle-oligonucleotide conjugates 
bound to file substrate with a second type of nanoparticle-oligonucleotide conjugates 
according to any one of Claims 81-84, at least one of the types of oligonucleotides 
attached to die nanoparticles of the second type of conjugates having a sequence 
complementary to the sequence of one of the types of ligonucleotides attached to the 
nanoparticles of the first type of conjugates, the contacting taking place under conditions 



wo 01700876 



PCT/USOO/17507 



134 

effective to allow hybridization of the oligonucleotides attadied to the nanoparticles of 
the first and second types of conjugates; and 

(e) obsoiring tiie detectable change. 

104. The method of Claim 103 wherein at least one of the types of 
oligonucleotides on the nanopatticles of the first type of conjugates has a sequence 
complementary to the sequence of at least one of the types of oligonucleotides on tiie 
nanoparticles of tiie second type of conjugates and the method further conqirises: 

(f) contacting the second type of conjugates bound to the substrate witii 
the first type of conjugates, the contacting taking place under c(Hiditions effective to 
allow hybridization of the oligonucleotides on tiie nanoparticles of the first and second 
types of conjugates; and 

(g) observing the detectable change. 

105. The method of Claim 104 v^erem step (d) or steps (d) and (f) are repeated 
one or more times and the detectable change is observed. 

106. The method of Qaim 102 further comprising: 

(d) providing a type of binding oligonucleotides having a sequence 
con^xcising at least two portions, the first portion being conq>lementary to at least one 
of the types of oligonucleotides attached to the nanoparticles of die first type of 
conjugates; 

(e) contacting tiie bmding oligonucleotides with tbs first type of 
conjugates bound to tiie substrate, the contacting taking place under conditions effective 
to allow hybridization of tiie bindu^ oligonucleotides witii the oligonucleotides on tiie 
nanoparticles of tiie first type of conjugates; 

(f) providing a second type of nanoparticle-oligonucleotide conjugates 
according to any one of Claims 81-84, at least one of the types of oligonucleotides 
attached to die nanoparticles of the second type of conjugates having a sequence 
conq>lementary to the second portion of tiie sequence of the binding oligonucleotides; 

(g) contacting the binding oligonucleotides bound to the substrate with 
the second type of conjugates, the contacting taking place under conditions effective to 
allow hybridization of the oligonucleotides attached to the nanoparticles of the second 
type of conjugates with the binding oligonucleotide^ and 

(h) observing die detectable change. 
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107. The method of Claim 106 further comprising: 

(i) contacting the second type of conjugates bound to tiie substrate with 
the binding oligonucleotides, the contacting taking place under conditions effective to 
allow hybridization of the binding oligonucleotides with the oligonucleotides on die 
nanoparticles of the second type of conjugates; 

(j) contacting tile binding oligonucleotides bound to the substrate with the 
first type of conjugates, die contacting taking place under conditions effective to allow 
hybridization of the oligonucleotides on the nanoparticles of flie first type of conjugates 
with the binding oligoaucleotides; and 

(k) observing the detectable change. 

108. The mediod of Qaim 1 07 wherein steps (e) and (g) or steps (e), (g), (i) and 
(j) are repeated one or more times, and the detectable change is observed. 

1 09. The method of Claim 102 wherein the substrate is a transparent substrate 
or an opaque white substrate. 

110. The method of Claim 109 wherein the detectable change is the formation 
of dark areas on the substrate. 

111. The method of Claim 1 02 wherein the nanoparticl^ of the conjugates are 
metal nanoparticles or semiconductor nanoparticles. 

112. The method of Claim 111 wherem the nanoparticles ofdie conjugates are 
made of gold or silver. 

113. The mediod of Claim 102 wfaetein the substrate has a plurality of types of 
oligonucleotides attached to it in an taray to allow for die detection of multiple portions 
of a single nucleic acid, the detection of multiple different nucleic acids, or both. 

1 14. The mediod of Claim 102 v/biaem the substrate is contacted with silver 
stain to produce die detectable change. 

1 IS. The mediod of Claim 1 13 wherein die substrate is contacted widi silver 
stain to produce the detectable change. 

1 16. The method of Claim 102 wherein the detectable change is observed with 
an optical scanner. 

1 17. The mediod of Claim 102 •wbet&n die scanner is a flatbed scanner. 

118. The method of Claim 102 wherein the scanner is linked to a computer 
loaded with software cqiable of calculating greyscale measurranents, and the greyscale 
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measurements are calculated to provide a quantitative measure of the 
amount of nucleic add detected. 

119. The me&od of Claim 102 herein die scanner is linked to a 
computer loaded with software cq>able of providing an image of (he substrate, 

5 and a qualitative determination of the presence of the nucleic acid, the amount of 
nucleic acid, or bodi is made usnig the image. 

120. The method of Claim 102 wherein the oligonucleotides attadied to 
the substrate are located between two electrodes, die nanoparticles of the 
conjugates are made of a material YMch is a conductor of electricity, and the 

1 0 detectable change is a dttange in conductivity. 

121. Themeihodof Claim 120 wherein the electrodes are made of gold, 
and the nanoparticles are made of gold. 

122. The method of Claim 120 v/bexdn. the substrate is contacted with 
silver stain to produce the change in conductivity. 

15 123. The method of Claim 113 wherein each of the plurality of 

oligonucleotides attached to the substrate in the array is located betiveoi two 
electrodes, the nanoparticles are made of a material winch is a conductor of 
electricity, and the detectable change is a diange in conductivity. 

1 24. The method of Claim 123 ^lerdn die electrodes are made of gold, 
20 and the nanoparticles are maiie of gold 

125. The method ofQaim 123 vt^ierein the substrate is contacted with 
silver stain to produce the change in conductivity. 

126. A kit comprising a container holding nanoparticle-oligonucleotide 
coqugates according to any one of Claims 81-86. 

25 127. A method of detecting nucleic acid having at least two portions 

contacting a nucleic add to be detected with a substrate having 
oUgonucleotides attached fhoeto, die oUgomicleotides having a sequence 
complementary to a first portion of the sequence of said micldc .add, the 
30 contacting taking place under conditions effective to allow hybridization of flie 
oligonucleotides on the substrate witii said nuddc add; 
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contacting said nucleic acid bound to the 

substrate with a type of nanoparticles having oligonucleotides attached theieto, flie 
oligcmucleotides having a sequence conq)lenientaiy to a second portion of the 
sequoice of said nucleic add, the contacting taking place under conditions 
5 effective to allow hybridization of tiie oligonucleotides on the nanoparticles with 
said nucleic acid; 

contacting the substrate with silver stain to produce a detectable 

change; and 

observing the detectable. 
10 128. The mefliod of Claun 127 wherein flie substrate has a plurality of 

types of oligonucleotides attached to it in an array to allow for the detection of 
multiple portions of a single nucleic acid, the detection of multiple different 
nucleic acids, or both. 

129. The method of Claim 127 or 128 wherein the detectable change is 
15 observed with an optical scatmer. 

130. The method of Claim 127 or 128 wherein the scanner is a flatt>ed 
scanner. 

131. The method of Claun 127 or 128 whorem the scanner is linked to a 
computer loaded with software enable of calculating gceyscale measurements, 

20 and the greyscale measuremoits are calculated to provide a quantitative measure 
of tiie amount of nucleic acid detected. 

132. The method of Claim 127 or 128 wheidn tiie scanner is linked to a 
campatac loaded with software enable of providing an image of substrate, and a 
qualitative determination of the presence of tiie nucleic acid, tiie amount of 

25 nucleic acid, or both is made using tiie image. 

133. The method of Claim 127 or 128 wherem the nanoparticles are 
made of a noble metal. 

134. The method of Claun 133 wherdn the nanoparticles are made of 
gold or silver. 
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135. A method of detecting a nucleic acid wherein the 
method is perfonned on a substrate, &e meUiod conqmsiiig d^ecting the 
presence, quantity, or both, of flie nucleic acid with an optical scanner. 

136. The meOiodofClaun 135 wherein the scanner is a flatbed scanner. 
5 137. The method of Claim 135 wherein Hbe scanner is linked to a 

computer loaded with software capsble of calculating greyscale measuremoits, 
and Has greyscale measuranents are calculated to provide a quantitative measure 
of the amount of nucldc acid detected. 

138. The method of Claim 135 wherein fhe scanner is linked to a 
10 computer loaded with software capable of providing an image of ^ substrate, 

and a qualitative determination of the presence of the nucleic acid, the amount of 
nucleic acid, or both is made using the image. 

139. A method of nanofabrication comprising 

providing at least one type of linking oligonucleotide having a 
15 selected sequence, the sequence of each type of linking oligonucleotide having at 
least two portions; 

providing one or more types of nanoparticle-oligonacleotide 
conjugates according to any one of Claims 81-86, the oligonucleotides attached to 
the nanoparticles of eadi of the types of conjugates having a sequence 
20 complemoitaiy to the sequence of a portion of a linking oligonucleotide; and 

contacting die linking oUgonucleotides and conjugates under 
conditions efifective to allow hybridization of the oligonucleotides attached to the 
nanoparticles of the conjugates to the linking oUgonucleotides so tihat a desired 
nanomaterial or nanostrocture is fiarmed wherem die nanoparticles of the 
25 conjugates are held together by oHgonucleotidecormectors. 

140. A method of nano&brication comprising: 

providmg at least two types of nanoparticle-oli^mucleotide 
conjugates accordmg to any one of Claims 81-86; 

die oligonucleotides attached to the nanoparticles of the first type 
30 of coqugates having a sequence complementary to that of the oUgonucleotides 
attached to die nanoparticles of the second type of conjugates; 
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ttie oligonucleotides attached to the 

nanoparticles of flie second type of conjugates having a sequence oonq)lementaiy 
to tiiat of the oligonucleotides attached to the nanoparticles of the first type of 
conjugates; and 

5 contacthig the first and second types of conjugates under 

conditions effective to allow hyhiidization of tile oligonucleotides on tiie 
nanoparticles of the conjugates to each other so fliat a desired nanomateiial or 
nanostructure is formed. 

141. Nanomateiials or nanostructures composed of nanoparticle- 
10 oligonucleotide conjugates according to any one of the Claims 81-86, the 

nanoparticles being held together by oligonucleotide connectors. 

142. A method of separating a selected nucleic acid having at least two 
portions fiom other nucleic acids, the method conrprising: 

providing two or more types of nanoparticle-oligonucleotide 
IS conjugates according to any of Claims 81-86, the oligonucleotides attached to &e 
nanoparticles of each of the types of conjugates having a sequence complimentary 
to the sequence of one of the portions of the selected nucleic acid; and 

contactiag the nucleic acids and coiyugates under conditions 
effective to allow hybridization of the oligonucleotides on the nanoparticles of the 
20 conjugates with the selected nucldc acid so timt tiie conjugates hybridized to tiie 
selected nucleic add aggregate and precipitate. 
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FIGI 



[SEQ.I0NO:3] 

X-C-C-T-T-G-A-G-A-T-T-T-C-OC-T-C 
5' 3" 



G-G-A-A-C-T-C-T-A-A-A-G-G-G-A-G-X- 
lSEQ.IDNO:4] ^ 



^X-C-C-T-T-G-A-G-A-T-T-T-C-C-C-T-G 
G-G-A-A-C-T-G-T-A-A-A-G-G-G-A-G-X'' 
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FIG 2 
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FIG. 5 



I Au nanopartlcles 

\ 



Modification with i 
3'tiiioiTACCGTTG5' ( 



I IModificationwith 
t S'AGTCGTTTytiiioi 




fllrildng DMA duplex 

A|l5'ATGGCAAClllllTCAGCAAA5- 



Fuitiierollgomerization 
1 \ andsettiing 
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FIG6A FIG.6B FIG.6C 
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Absorbance 
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FIG. 9A 
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FIG. 10 



ISEQIDN0:7J 

5' 3' 
X~T-C-T-C-C-T-T-C-C-C-T-T-T-T-C 
M3-A-G-G-A-A-G-G-G-ArAn^A-G-: 
3* K 5' 

^ISEQIDN0:81 



T-(>T-C-C-T-T-C-C-C-T-T-T-T-C g. 

[SEQIDNO:91 



kx-T-CrT-C-C-T-T-C-C-C-T-T-T-T-C 
A-G-A-G-G-A-A-G-G-G-A-A-A-A-G-X-^ 
T-C-T-C-C-T-T-C-C-C-T-T-T>T-C g. 
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[SEQ.IDN0:12], [SEQ. ID NO: 14] 

3'T-C-G-T-A-C-C-A-G-C-T-A-T-C-C T-T-T-G^T-aArGA.T-C-Q.C-G 
5' A-G-C-A-T-G-G-T-<>G-A-T-A-G-G-A-A-A<>OA<>T-<^TV^-G-C-G-C 
3 \ 
FIG 12 B 1SEQ.IDN0:13] 

ProiyqgviflthPMt Target ^ 
1 / 2 /■ 

3' T-C>G-T-A-C-C-A-G-C-T-A-T-C-C T-T-T-G-C-T-G-ArGA-T-C-G-C-G 

FIG. 120 

Half Complementary Targat 



i f 2 / 

3'T-C-G-T-A-C-C-A-G-C-T-A-T-C-C T-T-T-GO-T - GVU3^ T-C-(K)-G 
5* A<M>A-T-G-G-T<M3^.T-ArG-G-AEE=&A-^^^^C-G^ 

FIG.I2D ' 

JarflQt ■ 6 bp 



1 f ^ 2 J 

3' t-c-g-t-a-c-c-a-g-c-t-a-km: T-T-T-G-C-T-G-A-G-A-T-C-G^G*" 
5* G-T-C-G-A-T-AtG-G-A-AA-C-GA-C-T-C-T-A-G-C-G-C 

FIG I2E ^ '^[SEQ.IDN0:16j 

.One bp Mismatch 

1 2 

3;t-c-g-t-a-c-c-a-6-c-t-a-t-(>c t-t-t-g<>.t-g-a-g-a-t-c-g-c-g ♦ 

5'A-G-OA-T-G-G-TffiG-A-T-A-G-G-AW-Ae<3^-C-T-C.T-A-G-C-G-C 
Crir^ lOr- ~ '^[SEQ.IDN0:17] 

^"'^•'^"^ ^ ^ 

TWO bp Mismatch ^ 



1 / 2 / 

3'T-C-G-T-A-C-C-A-&0T-A-T-C-C T-T-T-G-C-T-G.A<3VV-T-C-G-C-G 
5'A-G-C-A-T-GfflT®3-A-T-A-G-G-A-A-A<^<3-A-C-T-C-TnA-G-C>^ 
Z MSEQ. IDN0:18] 
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FIG ISA 



■mm 



transparent substrate i AnalyteDNA (^i^^„^rAZ^^\B 

Modified DNA Analyta DNA 

chemlsorbed onto hybridized onto 
solid substrate 





Dark areas where nanoparticle DNA modified colloids 

aggregates are linked to substrate hybridized to bound 

surface by anaiyte DNA analyte DNA 
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[transparent substrate| 
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thiol terminated 
modification of 
surface 



W/W/ W/ w/ w# wrwr - 

^ 11 II I II I 

jtransparent substrate} 




gold 

nanopartlcles 



CO (0(0(0 CO (0(0 (0(0 

.^M ' I I 1 I I k 
Itransparent substrate \ 



thiol modified 
DMA adsorbed 
onto particles 



(OCOCOCOCOCOOTOXp 

^ 1 Mil 1 1 k 
Itransparent substrate{ 




jtransparent substrate] 
analyte DNA hybridized to 
DNA modified nanopartlcles 




Itransparent substrate 
dark areas where 
nan partici aggregates linked 
to substrate by analyte DNA 
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2nd layer of Au nanopartides: 
attached through DMA 
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Au nanopartides: 
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FIG I5A 

* Probes with No Target ^SEQIDNO:19 

^ SEQ ID NO:20 

S-ATG-CTC-AAC-TCT TAG^AC-TTA-CG(>S 
± 2 
r— . I ^ , Half-Complementary Target 

FIG I5B ~- >^SEQIDNO:21 

y TAO-GAG-TTG-AGA- GAG-TGOCCA-CAT 3* 
S-ATG-CTC-AAC-TCT TAG-GAOTTA-CGC-S 

FIG.I5C , ^ 

Complementary Target iTm=53.5'>C | 

4. ^SEQIDNO:22 
5' TAC-GAG-TTG-AGA-ATC-CTG-AAT-GCQ 3' 
' S-ATG^C-AAC-TCTTAG-GAC-TTA-CG&S 

FIG.I5D ^ ^ 

ONE Base-Pair MIsmatcti at Probe Head |Tma50.4'C | 

5. ^#^SEQIDNO:23 
5* TAC-GAG-TTG-AGA-ATC-CTG-AAT-GCT 3* 
S-ATG-CTC-AAC-TCT TAQ-GAC-TTA-CGO«v^ 

FIG. I5E iTmr^^C I 

ONE Base-Pair Mismatch at Protw Tall . 

6. >^SEQIDNO:24 
5* TAC-GAG-TTG-AQA^C-CTG-AAT-GCG 3' 
S-ATG-CTC-AAC-TCT TAG-GAC-TTA-CGC-S^^ 

W 1. 2 ^ 



TmsSLBX 

ZZXr^ IRC" ONE Base Deletion ' ' 

r \\3 IDl 1 >^SEQIDNO:25 

5'TAC-GAG-TTG-AGA-ATC-CTG-AAT-GCD3' 
S-ATG-CTC-AAC-TCT TAG-GAC-TTA-CG&S \^ 

W 1. 1. ^& 

FIG.I5G 

ONE Basfr-Pair Insertion |Tm=50^'C | 

8. >r^SEQIDNO:26 
5' TAC-GAQ-TTG-AGA^AT-CCT-GAA-tGC-G 3' 
S-ATG-CTC-AAC-TCT TA-GGA-CTT-ACG-C-S 

W 1. 1. w 
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FIG. 20A 
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FIG. 22 



FLUORESCENT 
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FLUORESCENT 
CROSS -LINKED 
AGGREGATES 



TARGET 
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NO TARGET 
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FIG. 23 



Anthrax PGR Product 



5'G GCG GAT GAG TCA GTA GTT AAG GAG GCT CAT AGA GAA GTA ATT AAT 
3'C CGC CTA CTC AGT CAT CAA TTC CTC CGA GTA TCT CTT CAT TAA TTA 

TCG TCA ACA GAG GGA TTA TTG TTA AAT ATT GAT AAG GAT ATA AGA AAA 
AGC AGT TGT CTC CCT AAT AAC AAT TTA TAA CTA TTC CTA TAT TCT TTT 

ATA TTA TCC A6G GTT ATA TTG TAG AAA TTG AAG ATA CTG AAG G6C TT 3' 
TAT AAT AGG TCC CAA TAT AAC ATC TTT AAC TTC TAT GAC TTC CCG AA 5' 



[SEQ ID NO:36] 



3' CTC CCT AAT AAC AAT 3- TTA TAA CTA TTC CTA 

[SEQ ID NO:37] (SEQ ID NO:38] 

Ongonucleotlde-Nanoparticle Probes 



Blocker Oligonucleotides 

3'C CGC CTA CTC AGT CAT CAA TTC CTC CGA GT [SEQ ID NO:39] 

3' A TCT CTT CAT TAA TTA AGC AGT TGT [SEQ ID NO:40] 

3' TAT TCT TTT TAT AAT AGG TCC CAA TAT [SEQ ID NO:41] 

3' AAC ATC TTT AAC TTC TAT GAC TTC CCG AA [SEQ ID NO:421 
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FIG 25A 
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FIG.26A 




FIG. 26B 

X SEQ ID 

C N0:48 

s 

J^- TAC-GAG-TT8-A6A-ATC-CTC-AAT-GCG asb!^'>J^ 

SEQ ID SEQ ID 

NO: 46 NO: 47 ^ 
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FIG. 27C 




FIG.27D 
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FIG. 28A 
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FIG. 28C 
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FIG. 28D 
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FIG. 28E 
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FIG. 30 



^ [SEQIDNO:54] 
C 5' GGA TTA TTG TTA-^T ATT GAT AAG GAT 3' 
J-^CCTANTAACAAT 7TATAACTA TTC CTA-- 
> [SEQIDNO:65] [SEQIDNO:56] 

N= A (complementary), 
G.C.T (mismatched) 




1. ^\A. (target DNA) 
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